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Introduction 


Background 


The Corps of Engineers uses zinc and aluminum coatings on hydraulic struc- 
tures exposed to severe impact and abrasion damage caused by ice and floating 
debris. An experimental study of the twin-wire electric arc (TWEA) spraying of 
zinc and aluminum coatings has been undertaken to demonstrate the suitability 
of the systems for Army applications. Experiments were conducted using classi- 
cal and statistically designed fractional-factorial schemes. The TWEA process 
parameters varied included spray angle, current, spray distance, and system 
pressure. A systematic design of experiments was used in order to display the 
range of processing conditions and their effect on the resultant coating. The 
coatings were characterized with bond strength and deposition efficiency tests, 
and optical metallography. Coating properties are quantified with respect to 
roughness, hardness, porosity, oxide content, bond strength, and microstructure. 
Performance evaluation of the coatings is quantified with erosion testing. A 
parameter-property-performance relationship was developed for each material 
system. 


Six material systems were investigated including 1/8-in. 85Zn/15Al, 3/16-in. 
85Zn/15AI, 1/8-in. Al, 3/16-in. Al, 1/8-in. Zn, and 3/16-in. Zn. Twenty-one charac- 
terization experiments and eight bond strength experiments were conducted per 
system. Another study done with TWEA metallizing equipment from another 
manufacturer is reported in ERDC/CERL TR-01-53 (HPMS-01-2). 


Zinc and aluminum coatings find widespread applications in the automotive, 
transportation, aerospace, and aircraft industries. The material systems are 
commonly used for anti-corrosion applications in the infrastructure industry. 
Smooth coatings with low porosity, low oxide content, and high bond strength 
are desired in most applications. 
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Program Objectives 


The program objectives for this project were to: 


1. 


Measure the effects of various application and surface preparation parameters on 
the performance of 85Zn/15AI coatings. 


Compare the erosion resistance of the 85/15 coatings to other zinc and aluminum 
TWEA coatings. The research will be used to develop thermal spray process pa- 
rameters and inspection criteria for Corps of Engineers thermal spray projects. 


The program was directed toward the development of repeatable, enhanced 


TWEA coatings for applications for the Corps of Engineers. The program 1s in- 


vestigating advanced material systems, materials processing methods, and the 


development of technology for increased reliability of coatings. The program in- 


corporated statistical process control (SPC) techniques with the use of statistical 


design of experiment (SDE) methodologies, coating characterization, and coating 


performance evaluation. 


Work conducted by Vartech involved the following tasks: 


1. 


2 
3 
A. 
) 
6 


Classical and parametric experimentation. 
Coating characterization. 

Coating performance evaluation. 

Statistical analysis of results. 

Determination of optimum process parameters. 


Documentation of results. 


ERDC/CERL TR-01-67 


TWEA Process 


The key advantages of the TWEA process are higher output and lower cost than 
other processes. The process can be traced back to 1914,* when Schoop and his 
colleague Bauerlin performed their initial experiments with electric heating 


WI1res. 


In the process, two wires are brought together and an electric arc is struck be- 
tween them. Typical direct current (DC) voltages are between 20 and 35 volts 
with current ranging up to 350 amperes and in some cases more. Wire feedrate 
is governed by the system current. The arc developed between the two wires 
causes the wire tips to melt and superheat. An atomizing gas, typically air, is 
delivered to these two wires in such a way as to strip off small droplets of molten 
metal. In this way, kinetic energy 1s transferred to the droplets. Typical airflow 
rates range from 30 to 60 standard cubic feet per minute (scfm). It is not un- 
common to spray with either nitrogen or argon in an attempt to reduce the for- 
mation of oxides on the molten droplets. In general, any material that is electri- 
cally conductive and can be made into a wire can be sprayed with a TWEA 
device. Figure 1 illustrates the Thermion TWEA apparatus utilized in this 
study. 


* Kubel, E.D., Advanced Materials and Processes, 132, 6 December 1987, pp 69-80. 
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3 Coating Design Characteristics 


The empirical studies were conducted to determine if zinc and aluminum coat- 
ings sprayed with a TWEA spray system could perform as abrasive corrosion- 
resistant coatings for infrastructural and site-specific applications. Once a coat- 
ing is put into service, the coating performance factors are strongly controlled by 
the nature and extent of porosity and oxide content in the as-sprayed coating. In 
this study, the coating designs were based on the determination of the highest 
abrasion resistance, minimum porosity, minimum oxide content, maximum bond 
strength, highest deposition efficiency, and smoothest coatings that could be ob- 
tained with the process. 


The selection of a thermal spray coating depends on the desired service life, en- 
vironmental envelope, operating duty, and the maintenance and repair support 
provided during the life cycle. Zinc and aluminum are widely used as spray coat- 
ings for steel since they provide corrosion protection by several mechanisms. 
First is the physical barrier of having the coating on the substrate. Zinc and 
aluminum are more negative in electrochemical potential than steel.* Thus if a 
crack occurs 1n the coating, a galvanic couple is created between the zinc or alu- 
minum coating and the steel. The coating will act as the anode, preferentially 
corroding rather than the steel and providing cathodic protection. As the coating 
reacts with the environment, the corrosion products (1.e., oxides) provide another 
barrier by limiting diffusion of moisture to the active surface. 


* Suzuki, I., Corrosion Resistant Coatings Technology, Marcel Dekker, Inc., 1989. 
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4 Experimental Procedure 


The TWEA spray process was chosen for this application because it can produce 
high purity, low porosity coatings with high bond and interparticle strength. A 
Thermion, Inc. TWEA spray system and commercially available wire were used. 
Box’ -type, fractional-factorial statistical design of experiments (SDE) and classi- 


cal experiments were conducted for the six wire systems. 


The Box analysis was accomplished with a commercial software package (De- 
sien-Expert?) on the measured responses. Table 1 represents the SDE design, 


which involves a 3-level fractional factorial experiment. 


Table 1. TWEA SDE coating experiments. 


Pei a 
inches degrees amps psia 

| 600) | 67.50 | 25000 | 90.0 

| 600 =| 9000 | 3500 | 1000 

| 600 =| = 45.00 | 45000 | 110.0 

| 900] S750 | 50.0 | 110.0 

| 900 | 9000 | 4500 | 900 

| 900 | = 45.00 | 25000 | 100.0 

| 12.00 | 45.00 | 3500 | 900 

fo | 600 | 9000 | 3500 | 1000 | 
m1 | = 900 | 90.00 | 850.0 | 100.0 
12 
13, | = 900s|_ 67.50 || 850.0 | 100.0 
14. | = 9.00 |_ 90.00 || 850.0 | 100.0 
15 | 900 | 45.00 || 850.0 | 100.0 
16 =| 900 | 9000 | 2500 | 1000 | 
17 | ~=—9.00 | 90.00 || 850.0 | 100.0 
18 | = 9.00 | 9000S || 50.0 | 100.0 
19 =| = 9.00 | 9000S || 850.0 | 9000 
20. |) ~—S 9.00 | 90.00 S| 350.0 | 100.0 
21 | =—6900 | 9000S | 85000 | 110.0 





; Box, G.E.P., W.G. Hunter, and J.S. Hunter, Statistics for Experimenters, Wiley, 1978. 


T Whitcomb, P., et al., Design-Expert, Version 2.0, Stat-Ease Incorporated, 2021 E. Hennepin, #191, Minneapolis, 
MN 55413, Design-Expert is a registered trademark of Stat-Ease Inc. 
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The process parameters varied in the SDE experiments included gun pressure 
(P), current (A), spray distance (SD), and gun spray angle (SA). Nominal voltage 
was 29.5 volts for the 85/15 experiments, 31 volts for the aluminum experiments, 
and 30 volts for the zinc experiments. Air was used as the primary and shroud 
gas. Wire injection was internal to the gun and directed parallel to the flow. 
Wire feedrate varies proportionally with the system current and is shown in Ta- 
ble 2 for the six wire systems. 


Table 2. Wire feedrates (gr/min) for coating experiments. 


ee ee eee 
jvsinsis | 34a | se S| ste] 
paein.sis | aaa | 80 | es] 8 
4/8 in. aluminum | 140 | 72 | St | tt 

ee ee 


3/16 in. aluminum 
jginzing | aga | of wes | 
3it6in.zinc | ao | oz 52 | 1020 


An x-y servo-manipulator ensured the standoff distance and repeatability in the 
experiments. The traverse x-motion rate was 16 inches per second. A y-step of 
1.0 inch was used. The wire was thermal sprayed onto low carbon steel coupons 
which were cooled by air jets on the back side. The deposition side of each cou- 
pon was grit blasted with No. 36 alumina grit prior to spraying that surface. A 
maximum roughness (average amplitude) of 3 mils was obtained for the sub- 
strates for the coupons used for the met mounts and the abrasion testing. The 
substrate roughnesses were measured with Testex, Inc. profile replica tape and a 
KTA Tator micrometer. Eight classical bond strength experiments per material 
system were also conducted as illustrated in Table 3. 


Table 3. TWEA classical bond — coating asin and results. 


Blast 
media i 
I I psia psia psia 


S89 | ose J 718 
1,080 


[958 

Pat [asa [345 
12} ae a8 
28 | A810 | 888 


Notes: Spray parameters for bond rength aSerncAS spray Vaeenee — Qin. for 1/8-in. 85/15 and 
zinc, 8 in. for all others; 90° spray angle; 350 amperes; 100 psia pressure. 
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Coating Characterization 


Coatings were characterized and evaluated by a number of techniques for the six 
material systems. These include bond strength tests, optical metallography, 1m- 
age analysis, surface profilometry, and deposition efficiency. Characterization of 
the coatings yielded the physical, chemical, and mechanical properties of the 
various coatings including bond strength, roughness, porosity, oxide content, and 
deposition efficiency. Attributes were measured on metallographically prepared 
cross-sections of each coating. Tables 4a through 4f illustrate the result of the 
coating characterization and performance evaluation results. 


Bond strength measurements were conducted for both the SDE experiments and 
the classical experiments illustrated in Table 3. The studies were conducted us- 
ing a portable Pneumatic Adhesion Tensile Testing Instrument (PATTI) follow- 
ing the test procedure described by ASTM standard D4541. This methodology is 
reported to generate quantitative tensile strength data with a 2 percent or better 
accuracy. The materials were sprayed onto light carbon steel substrates. An 
adhesive was then used to bond a pull stub to the substrates. For the SDE 
experiments, each coupon was first grit blasted with No. 36 alumina grit prior to 
spraying that surface to obtain a surface roughness (amplitude) of 3 mils. The 
bond strength ranged from 734 to 1427 psia for the 1/8-in. 85/15 coatings, 1049 to 
1437 psia for the 3/16-in. 85/15 coatings, 1417 to 2161 psia for the 1/8-in. alum1- 
num coatings, 784 to 1356 psia for the 3/16-in. coatings, 713 to 1223 psia for the 
1/8-in. zinc coatings, and 683 to 1019 psia for the 3/16-in. coatings. 


The classical bond strength experiments (B1 - B8) illustrated in Table 3 exam- 
ined the effect of four blast media and two surface profiles. In general, for both 
1/8-in. and 3/16-in. wire, the 3-mil profile exhibited higher bond strengths than 
the 1-mil profile. The aluminum coatings exhibited the highest bond strengths 
followed by the 85/15 coatings, and then the zinc coatings. The steel grit, copper 
slag, and alumina grit exhibited comparable bond strengths (i.e., within + 200 
psia), while the steel shot exhibited extremely low bond strengths. 


Surface roughness was determined using a Surftest 301 roughness tester. The 
average roughness was calculated per ANSI standard B46.1 as the average de- 
parture yi from the mean y. The average roughness ranged from 9.0 to 18.7 m1i- 
crons for the 1/8-1in. 85/15 coatings, 8.6 to 26.8 microns for the 3/16-1n. 85/15 coat- 
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ings, 14.7 to 27.9 microns for the 1/8-in. aluminum coatings, 12.2 to 26.4 microns 
for the 3/16-in. aluminum coatings, 8.9 to 18.7 microns for the 1/8-in. zinc coat- 
ings, and 11.1 to 22.2 microns for the 3/16-1in. zinc coatings. 


Table 4a. Characterization and performance evaluation results for the 1/8-in. 85/15 (E) wire system. 


-—fxp._|_BS__/ Roughness |_Forosity_/ _Oxldes_/_Harciness_|_CML_ 
1427.0 a Te 0.0238 

1284.0 0.0310 

1386.0 0.0315 

876.0 

| os] ttet.co |) 1058 | = =93.70 | 2500 | 5050 | 0.0382 | 
| 09 =~] 70 | h—8.71 | 10.70 | 3300 | 5060 | 0.0375 | 
0.0349 
14 1090.0 0.0323 
12 1223.0 0.0345 
13 
[415 | 7a40 | 1630 | 990 | 3400 | 5040 | 0.0302 | 
0.0312 

1253.0 0.0349 

1182.0 11. 60__8.80__3.7u__s2.18 0.0314 

ag tisa8 [30 0 aso 00398 
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Table 4b. Characterization and performance evaluation results for the 3/16-in. 85/15 (BE) wire system. 


| Exp. | BS __| Roughness | Porosity | Oxides | Hardness | CML | 
1315.0 0.0126 

1406.0 | 1493 [| 600 | 3600 | 41.00 | 0.0254 

1437.0 0.0290 

| os ~— || togo.0 |)~—~—1709 | +910 | 44200 | 4800 | 0.0391 | 
| 09 ~~ | tatoo | 3.02 | = 16.00 | 3400 | 51.20 | 0.0312 | 
0.0319 
it 1162.0 0.0312 
1223.0 0.0352 

1212.0 0.0339 

1335.0 0.0341 

1213.0 0.0340 

0.0355 _ 
[avg | i246 | 149 [| 75 | 30 | 471 ‘| 0.0303 | 


Notes: Roughness in microns, soos in %, oxide sontent in %, pond strength (BS) i IN psi, simulate 
mass loss (CML) in grams 
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Table 4c. Characterization and performance evaluation results for the 1/8-in. aluminum (A) wire system. 


| Exp. | BS ___| Roughness | Porosity | Oxides | Hardness | CML 
| 06 | 17330 | 27.86 | 1600 | 4.000 | 49.90 | 0.0642 | 
| 08 | 5490 | 897 | 1040 | 5.700 | 51.10 | 0.0591 | 
| 09 | 147.0 | 24.73 | tao | 3.600 | 51.30 | 0.0479 | 


Table 4d. Characterization and performance evaluation results for the 3/16-in. aluminum (BA) wire system. 


| Exp. | BS ___| Roughness | Porosity | Oxides | Hardness | CML 
| 06 | 9580 | 949 | 16.30 | 0.700 | 44.80 | 0.0746 
| 08 | 00.0 | 9-45 | 1040 | 1.000 | 46.90 | 0.0632 _ 
| 09 | 7840 | 24.78 | 1830 | 1400 | 46.30 | 0.0132 _ 
| Avg | 109007 | 177 | 98 | 388 | 48.2 | 0.0592 


Notes: Roughness in microns, porosity in %, oxide content in %, bond strength (BS) in psi, cumulative 
mass loss (CML) in grams 
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Table 4e. Characterization and performance evaluation results for the 1/8-in. zinc (Z) wire system. 


| _BS___| Roughness | Porosity | Oxides | Hardness | | CML 


| Exp. | 

. . 

| oo | ~— 8380 =| 16.10 | 8.80 | 3.200 | 30.20 | 0.0872 _ | 
| 08 | p70 | 10.94 | 9.30 | 7.200 | 2850 | 0.0739 | 
| oo | 73.0 | 18.18 | 1680 | 6.900 | 33.10 | 0.1091 | 


1039.0 11.05 4.900 24.90 0.0828 
947.9 0.0836 


1008.0 13.91 2.400 29.90 0.0833 





Table 4f. Characterization and performance evaluation results for the 3/16-in. zinc (BZ) wire system. 


Exp. | BS__—| Roughness | Porosity | Oxides | Hardness | CML 
06 i 785.0 1440 9.70 | 3.400 | 31.90 | 0.0681 
oe 815.0 1465 | 10.20 | 2300 31.20 | 0.0773 
joo if ea3.0 1996 13.40 5.900 | 31.00 0.1018 
. 


1009.0 15.16 18.30 2.700 29.70 0.0734 


881.6 0.0734 


Notes: Roughness in microns, porosity in %, oxide content in %, bond strength (BS) in psi, cumulative 
mass loss (CML) in grams 
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Porosity was determined using image analysis (1.e., the differential interference 
contrast technique). A Leco 3001 Image Analyzer with an Olympus PMG-3 met- 
allograph was used for the metallurgical mounts. A magnification of 500x was 
used to maximize contrast between the pores and the surrounding coating, and 
to obtain sufficient imaged pore size to ensure accuracy of results. Each coating 
was examined for bulk porosity at several locations and one representative area 
was chosen to determine the porosity for each coating. The porosities obtained 
from this methodology for each material are listed in the tables. The porosities 
of the 1/8-in. 85/15 coatings ranged from 1.4 to 11.5 percent, the 3/16-in. 85/15 
coatings ranged from 1.4 to 21.2 percent, the 1/8-in. aluminum coatings ranged 
from 3.1 to 21.4 percent, the 3/16-in. aluminum coatings ranged from 1.3 to 18.3 
percent, the 1/8-in. zinc coatings ranged from 1.2 to 16.8 percent, while the po- 
rosities of the 3/16-in. zinc coatings ranged from 5.3 to 19.7 percent. 


The same image analysis procedure was used to measure oxide content. After 
the coatings were measured for porosity, the oxide content was obtained by sim- 
ply subtracting the porosity value from the measured porosity plus oxide value. 
The 1/8-in. 85/15 coatings ranged from 1.3 to 4.3 percent, the 3/16-in. 85/15 coat- 
ings ranged from 1.6 to 4.2 percent, the 1/8-in. aluminum coatings ranged from 
1.0 to 6.0 percent, the 3/16-in. aluminum coatings ranged from 0.7 to 9.4 percent, 
the 1/8-in. zinc coatings ranged from 1.4 to 7.9 percent, and the 3/16-in. zinc 
coatings ranged from 0.5 to 5.9. 


Vickers microhardness measurements were taken on the coatings perpendicular 
to the body of the coating. Ten measurements were taken and averaged using a 
50-g load. The microhardness measurements ranged from 36.7 to 52.1 for the 
1/8-in. 85/15 coatings, 37.1 to 51.7 for the 3/16-in. 85/15 coatings, 47.2 to 52.4 for 
the 1/8-in. aluminum coatings, 44 to 53 for the 3/16-in. aluminum coatings, 22.4 
to 33.1 for the 1/8-in. zinc coatings, and 25.4 to 34.6 for the 3/16-in. zinc coatings. 


Deposition efficiency (DE) for the coatings was determined at four current levels 
with conventional techniques by measuring the amount of sprayed metal depos- 
ited for an allotted time on 12-in. by 12-in. plates. As shown in Table 5, the 3/16- 
in. aluminum (BA) and 3/16-in. zinc (BZ) systems showed a slight increase in DE 
with current, while the 3/16-in. 85/15 (BE) system showed a slight decrease. The 
1/8-in. systems did not indicate any substantial effects. It 1s interesting to note 
that, in all cases, the 3/16-1n. wire exhibited higher DE than the 1/8-1n. wire. 


Microstructures for all of the coatings of this study are illustrated in the appen- 
dices (A: 1/8-in. 85/15 coatings, B: 3/16-in. 85/15 coatings, C: 1/8-in. aluminum 
coatings, D: 3/16-in. aluminum coatings, E: 1/8-1n. zinc coatings, F: 3/16-1n. zinc 
coatings). 
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Table 5. Deposition efficiency experimental results. 


A 

% 
643 
| 66.3 


BA Z BZ 
% % % 
64.3 
66.3 


Notes: DE experiments spray parameters: spray distance: 6 in., 90° spray angle; 100 psi pressure. 





Image analysis revealed differences 1n the microstructures for the experiments. 
Based on the criteria of either low cumulative mass loss (CML) or low porosity, 
the coatings vary substantially in quality. There are only minor differences be- 
tween the microstructures of the 1/8-in. and 3/16-1n. coatings. 


All of the 85/15 photomicrographs indicate very dense coatings with homogene- 
ously dispersed porosity. No cracking nor unmelted particles were evidenced in 
the body of any of the coatings. Figures A2 and B2 illustrate microstructures for 
coatings with very low porosity, very low oxide content, and intermediate CML. 
These coatings would be considered the best coatings of this study, if it were not 
for the fact that the coatings possess intermediate CMLs. Figures A3 and B3 
illustrate microstructures for coatings with very high porosity and very low 
CML. These coatings were sprayed at drastic spray angles (45°), which would 
not be practical in actual spraying. The A2 and B2 coatings have much smaller 
pores than the A3 and B3 coatings with more homogeneous distributions. The 
A383 and B38 coatings exhibited very large islands of porosity throughout the coat- 
ings. The splat morphologies are very similar for all of the coatings with a ten- 
dency for large diameter, thin lamellar structures. 


The aluminum photomicrographs indicate very porous coatings (porosity average 
is 10 percent). The porosity is dispersed homogeneously throughout the coating 
matrices. No cracking nor unmelted particles were evidenced in the body of any 
of the coatings. Figures C2 and D2 illustrate microstructures for coatings with 
high porosity, intermediate oxide content, and intermediate CML. Figures C15 
and D15 illustrate microstructures for coatings with very low CML. These coat- 
ings were sprayed at drastic spray angles (45°), which would not be practical in 
actual spraying. The C2 and D2 coatings have much smaller pores than the C15 
and D15 coatings with more homogeneous distributions. The C15 and D15 coat- 
ings exhibited very large islands of porosity throughout the coatings. The splat 
morphologies are very similar for all of the coatings with a tendency for small 
diameter, thick lamellar structures. 
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The zinc photomicrographs indicate coatings with intermediate porosity (poros- 
ity averages: Z = 7.6%, BZ = 11.2%). The porosity is dispersed homogeneously 
throughout the coating matrices. No cracking nor unmelted particles were ev1- 
denced in the body of any of the coatings. Figures E15 and F9 illustrate micro- 
structures for coatings with high porosity, oxide content, and CML. Figures E10 
and F3 illustrate microstructures for coatings with low CML and intermediate 
porosity. The E10 coating has the same size but fewer pores than the E15 coat- 
ing. The F3 and F9 coatings exhibited very large islands of porosity throughout 
the coatings, with the F9 coating exhibiting more and larger pores. 


Trend Analysis 


Table 6 illustrates the trend analysis based on the coating characterization and 
performance evaluation results. Trends evidenced from the data indicate: 


1. 85/15: higher porosity and roughness evidenced for larger wire; no effect on wire 
size for hardness, oxide content, CML, and bond strength. 


2. Aluminum: lower bond strength and higher oxide content evidenced for larger 
wire; no effect on wire size for hardness, porosity, CML, and roughness. 


3. Zinc: higher porosity, higher roughness, and lower CML evidenced for larger 
wire: small effect on wire size for bond strength: no effect on wire size for oxide 


content and hardness. 


4. 85/15 vs aluminum: the 85/15 data indicates lower porosity and oxide content, 
lower bond strength and roughness, comparable hardness, and lower CML as 
compared to the aluminum data. 


5. 85/15 vs zinc: the 85/15 data indicates lower porosity, lower oxide content, sub- 
stantially lower CML, higher hardness, higher bond strength, and comparable 


roughness as compared to the zinc data. 


6. Zinc vs aluminum: the zinc data indicates lower hardness, lower bond strength, 
lower roughness, higher CML, and comparable porosity and oxide content rela- 


tive to the aluminum data. 


Table 6. Coating trend analysis. 


bal eee | Avg/Range | Avg/Range Avg/Range Avg/Range Avg/Range 
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Coating Performance Evaluation 


Laboratory testing of the coating samples was accomplished to evaluate the abil- 
ity of the materials to resist erosion. Coating erosion resistance was measured 
in accordance with ASTM G-32. Samples 1 through 21 were tested for each ma- 
terial. 


The cavitation evaluation procedure involved: (1) turning on the cooling water, 
(2) filling the beaker with distilled water, (3) scribing the specimen, (4) cleaning 
the specimen with acetone, (5) ultrasonic cleaning for 20 seconds, (6) blow off the 
sample with compressed air, (7) mount the sample to the tip using glue, (8) clean 
the residue, (9) ultrasonic cleaning with methanol for 30 seconds, (10) clean with 
compressed air, (11) reapply fresh methanol, (12) bake out at 120 °C for two 
minutes, (18) vacuum for 5 minutes, (14) record initial weight, (15) mount the 
specimen, (16) adjust tip to specimen distance to 1 mm, (17) start timer, (18) 
start cavitation experiment, (19) remove specimen from holder, (20) clean speci- 
men with steps 9 through 13, and (21) weigh sample to determine weight loss. 


Coupons were measured for CML at 1, 2, and 5 minutes. Results of the experi- 
mentation at 5 minutes are illustrated in Tables 4a through 4f. Trend analysis 
is illustrated in Table 6. At 5 minutes, the CML of the 1/8-in. 85/15 coatings 
ranged from 0.024 to 0.038 grams, while the CML of the 3/16-in. 85/15 coatings 
ranged from 0.0126 to 0.0391 grams. At 5 minutes, the CML of the 1/8-in. alu- 
minum coatings ranged from 0.0245 to 0.0709 grams, while the CML of the 3/16- 
in. aluminum coatings ranged from 0.0132 to 0.0806 grams. At 5 minutes, the 
CML of the 1/8-in. zinc coatings ranged from 0.0449 to 0.1448 grams, while the 
CML of the 3/16-in. zinc coatings ranged from 0.0494 to 0.1018 grams. The low- 
est value of CML is the most abrasive resistant coating. 
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Discussion of Statistical Design of 
Experiments 


In most experimental programs, a natural evolution occurs. In the early stages, 
classical screening experiments are conducted to identify potentially influential 
process parameters. In the middle stage, the experimenter knows which pa- 
rameters influence the responses, but he requires a more quantitative under- 
standing of the main effects, the possible interactions between the effects, and 
experimental error. In this stage, fractional-factorial and factorial designs are 
utilized. In the later stages of the experimentation, a thorough quantitative un- 
derstanding of the effects of relatively few parameters is required and accom- 
plished by the use of optimization (1.e., response surface) strategies. The rela- 
tionship between the independent variables and the product response is fitted 
using regression analysis techniques. In this study, all six of the coating designs 
have been optimized using this sequential methodology. 


Statistically designed experiments were conducted for the six material systems 
to determine the parameter space for optimization. Table 1 represents the SDE 
design, which involves 8-level fractional-factorial experiments for the characteri- 
zation studies (12 experiments per material system for the SDE design and 10 
centerpoint experiments). The SDE design constitutes a one-seventh replicate of 
4 factors in 12 experiments. Each variable has three levels selected to band 
around the nominal settings in order to demonstrate the processing capabilities 
at a variety of stable processing conditions. Centerpoint experiments (i.e., 13 
through 21) were also included to independently evaluate the process variation. 


The Box-type statistical design of experiment methodology is an efficient means 
of determining broad-based factor effects on measured attributes. This method- 
ology statistically delineates the impact of each variable on the measured coating 
characteristics across all combinations of other factors. By examination of the 
optimum levels of the process parameters, a design coating can be obtained for 


the particular application. 
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8 Results of the Statistical Design of 
Experiments 


Effects Analysis 


Effects analysis was first conducted for the coating responses. The factor coeffi- 
cients were calculated for each response using least squares estimates. ANOVA 
(analysis of variance) analysis was then conducted to determine the adequacy of 
linear, quadratic, and cubic models. Once a model was chosen, each response 
was analyzed using the following methodology: the model was analyzed for an 
in-depth regression analysis, diagnostic evaluation of the robustness of the 
model was determined, and response surface analysis was conducted. Finally, 


the coating attributes were then numerically optimized. 


In the effects analysis, the program first fits linear (main effects only, e.g., A), 
quadratic (linear effects plus square of main effects, and two-factor interactions, 
e.g., A + A2 + AB), and cubic polynomials (quadratic effects plus cube of main 
effects and cubed interactions, e.g., A2B and ABC) to the data. The ANOVA cal- 
culations provided a sequential comparison of models showing the statistical 
significance of adding the additional model terms to those terms already in the 
model. For the coating design, the cubic model was aliased in that there are not 
enough unique design points to estimate the coefficients. Thus, it was not con- 
sidered in any of the response surface analysis. The quadratic regression model 
was chosen for all of the coating attributes for all six of the material systems to 


generate the regression equations. 


Appendix A (Tables Al - A6) illustrates the results of the statistical analysis for 
the 1/8-1in. 85/15 coatings. Appendix B (Tables B1 - B6) illustrates the results of 
the analysis for the 3/16-in. 85/15 coatings. Appendix C (Tables C1 - C6) illus- 
trates the results of the statistical analysis for the 1/8-in. aluminum coatings. 
Appendix D (Tables D1 - D6) illustrates the results of the analysis for the 3/16- 
in. aluminum coatings. Appendix E (Tables El - E6) illustrates the results of the 
statistical analysis for the 1/8-in. zinc coatings. Appendix F (Tables F1 - F6) il- 
lustrates the results of the analysis for the 3/16-in. zinc coatings. 
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In the effects analysis illustrated in the appendices, F values (..e., the signifi- 
cance of adding terms to the model) were obtained for the linear, quadratic, and 
cubic models with corresponding probability values. A large F value and a small 
probability value indicate that adding the terms will improve the model. 


ANOVA analysis, illustrated in the appendices, was conducted to determine the 
adequacy of the linear, quadratic, and cubic models. The analysis indicated that 
the quadratic model was more effective for all of the measured coating attrib- 
utes. The quadratic model yielded high F values (1.e., the comparison of the 
treatment variance with the error variance), low probability values (.e., the 
probability that the model terms are not robust), and small coefficients of varia- 
tions (1.e., indicating that the error was relatively small) for all of the quadratic 
analysis. These values indicate that the quadratic regression model was correct 
for each specific attribute. 


The derived regression equations are illustrated in Appendices A through F. 
Equation 1 illustrates a typical equation for the porosity for the 1/8-in. 85/15 sys- 
tem (A = spray distance, B = spray angle, C = current, D = gun pressure). This 
equation defines the process parameter-attribute relationship for each material. 


Porosity 1/8" 85/15 = 143.3 +0.303*A -0.407°B -0.348*C -1.304*D -0.11*A2 
+6.53E -03*B2 +7.04E -05*C2 +2.73E-03*D2 -4.17E-03*A*B +2.12E-03*A*C 
+2.13E-02*A*D +8.01E-05*B*C -5.77E-03*B*D +2.72E-03*C*D [Eq 1] 


The diagnosis of residuals did not reveal any statistical problems in the regres- 
sion analysis for any of the attributes (i.e., predicted is close to actual). 


Process Parameter Perturbation Analysis 


The perturbation plots for each attribute for each material system are illustrated 
in the appendices (Figures A22 — A27 for the 1/8-in. 85/15 coatings, Figures B22 
— B27 for the 3/16-in. 85/15 coatings, Figures C22 — C27 for the 1/8-in. aluminum 
coatings, Figures D22 — D27 for the 3/16-in. aluminum coatings, Figures E22 — 
E27 for the 1/8-in. zinc coatings, and Figures F22 — F27 for the 3/16-in. zinc 
coatings). These plots illustrate the effect of each process parameter on the coat- 
ing attribute and were used to determine the optimum coatings for this study. 
The optimum coating for this application would have, in order of priority: low 
CML, low porosity, low oxides, high BS, low roughness, and high microhardness. 
Tables 7 through 12 illustrate the trends from this analysis, indicating the quali- 
tative effect (1=largest, 4=smallest) of each process parameter (factor) on the 
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particular coating attribute (response), the total variance for each coating attrib- 
ute, and the level at which each process parameter should be used to optimize 
the specific coating attribute. 


As illustrated in Table 7 for the 1/8-in. 85/15 coatings, CML, porosity, and bond 
strength are most strongly affected by spray angle, while oxide content, rough- 
ness, and microhardness are most strongly affected by spray distance. 


Table 7. Results of the parameter effects analysis for 1/8-in. 85/15. 


po Process Parameters 
Processing Factor: Spray Dist Spray Angle 
Attrib/Tot. Variance A eff/Lev B eff/Lev C eff/Lev D eff/Lev 


|_Low CML/0.0144 21+ 


2 LowPorosity0.1 | et | tet | |e 


| /0 3/+1 
3 Low Oxides/3.0 
4. High Bond Stren/693 


5 Low Roughness/9.7 3/41 


6 High Microhard/15.4 


As illustrated in Table 8 for the 3/16-in. 85/15 coatings, CML, oxide content, and 
bond strength are most strongly affected by spray angle, while porosity, rough- 





ness, and microhardness are most strongly affected by spray distance. Correla- 
tion between the two 85/15 wire systems is excellent in terms of effects analysis, 
in that all the responses are strongly affected by either spray distance and/or 
spray angle. 


Table 8. Results of the parameter effects analysis for 3/16-in. 85/15. 


Process Parameters 
|Processing Factor: | _SprayDist__| SprayAngle |  Current__| Pressure 


111 410 





As illustrated in Table 9 for the 1/8-in. aluminum coatings, porosity, roughness, 
bond strength, and microhardness are most strongly affected by spray angle, 
while CML is most strongly affected by current, and oxide content by spray dis- 


tance. 
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Table 9. Results of the parameter effects analysis for 1/8-in. aluminum. 


po Process Parameters 
|Processing Factor: | _SprayDist__| SprayAngle | Current | Pressure 
pt LowCmio.os | et | et 
|2 LowPorosity18.3 | | tT 


4 High Bond Stren/744 
5 Low Roughness/13.2 
6 High Microhard/5.4 





As illustrated in Table 10 for the 3/16-in. aluminum coatings, porosity, CML, 
roughness and microhardness are most strongly affected by current, while oxide 
content and bond strength are most strongly affected by spray angle. The strong 
dependency on current for the 3/16-in. wire system in terms of effects analysis 
indicates that a completely different wire melting mechanism is occurring be- 
cause of the larger wire. 


Table 10. Results of the parameter effects analysis for 3/16-in. aluminum. 


po Process Parameters 
|Processing Factor: | SprayDist__| SprayAngle | Current | Pressure 
11 
410 





As illustrated in Table 11 for the 1/8-in. zinc coatings porosity, CML, and micro- 
hardness are most strongly affected by spray angle, while bond strength and 
roughness are most strongly affected by current. All of the responses are secon- 
darily affected by spray distance. 


Table 11. Results of the parameter effects analysis for 1/8-in. zinc. 


po Process Parameters 


3 Low Oxides/6.5 
4 High Bond Stren/510 


5 Low Roughness/9.8 1 al 
6 High Microhard/10.7 


ERDC/CERL TR-01-67 


As illustrated in Table 12 for the 3/16-in. zinc coatings, porosity and roughness 
are most strongly affected by spray angle, while oxide content is most strongly 
affected by spray distance; bond strength and CML are most strongly affected by 
current, and hardness is most strongly affected by pressure. Only porosity and 
bond strength show correlation with the 1/8-in. zinc system. 


Table 12. Results of the parameter effects analysis for 3/16-in. zinc. 


po Process Parameters 
|Processing Factor: | SprayDist__| SprayAngle |  Current__| Pressure 
1 3 

1 


1 1 


/- /- /0 
2_ Low Porosity/14.4 
1/- /-1 


1 





Figures 2 through 7 (1/8-in. 85/15), 8 through 18 (8/16-in. 85/15), 14 through 19 
(1/8-in. aluminum), 20 through 25 (3/16-in. aluminum), 26 through 81 (1/8-1in. 
zinc), and 32 through 37 (3/16-1in. zinc) illustrate the response surface plots of the 
predicted values using the regression equations for the respective responses for 
the six coating systems. In these figures spray angle is held constant at 90°, the 
preferred spray angle in most spraying operations. A second constant utilized 
the factor with the least affect on the response. This factor was set at the opti- 
mized level for each attribute as derived from Tables 7 through 12. The figures 
illustrate the three-dimensional representation of the data indicated in the ta- 
bles. 
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Model: DESIGN-EXPERT Analysis 
Quadratic 
Response: 
CML CML 
Actual variables: 3.88E-02 
X = Spray Dist oe, | 
Y = Pressure 3 55E-02 Ree : 
Actua! constants: : 
Angle = 90.00 3.21E-02 
Current = 350.0 

2.87E-02 

12.00 
10.80 
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Figure 2. Response surface plot of CML for 1/8-in. 85/15. 
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Figure 3. Response surface plot of porosity for 1/8-in. 85/15. 
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Figure 4. Response surface plot of oxide content for 1/8-in. 85/15. 
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Figure 5. Response surface plot of bond strength for 1/8-in. 85/15. 
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Figure 6. Response surface plot of roughness for 1/8-in. 85/15. 
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Figure 7. Response surface plot of microhardness for 1/8-in. 85/15. 
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Figure 8. Response surface plot of CML for 3/16-in. 85/15. 
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Figure 9. Response surface plot of porosity for 3/16-in. 85/15. 
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Figure 10. Response surface plot of oxide content for 3/16-in. 85/15. 
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Figure 11. Response surface plot of bond strength for 3/16-in. 85/15. 
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Figure 12. Response surface plot of roughness for 3/16-in. 85/15. 
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Figure 13. Response surface plot of microhardness for 3/16-in. 85/15. 
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Figure 14. Response surface plot of CML for 1/8-in. aluminum. 
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Figure 15. Response surface plot of porosity for 1/8-in. aluminum. 
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Figure 16. Response surface plot of oxide content for 1/8-in. aluminum. 
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Figure 17. Response surface plot of bond strength for 1/8-in. aluminum. 
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Figure 19. Response surface plot of microhardness for 1/8-in. aluminum. 
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Figure 20. Response surface plot of CML for 3/16-in. aluminum. 
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Figure 21. Response surface plot of porosity for 3/16-in. aluminum. 
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Figure 22. Response surface plot of oxide content for 3/16-in. aluminum. 
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Figure 23. Response surface plot of bond strength for 3/16-in. aluminum. 
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Figure 24. Response surface plot of roughness for 3/16-in. aluminum. 
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Figure 25. Response surface plot of microhardness for 3/16-in. aluminum. 
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Figure 26. Response surface plot of CML for 1/8-in. zinc. 
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Figure 27. Response surface plot of porosity for 1/8-in. zinc. 


ERDC/CERL TR-01-67 


Model: 
Quadratic 


Response: 
Oxides 


Actual variables: 
X = Spray Dist 
Y = Pressure 
Actual constants: 


Angle = 90.00 
Current = 450.0 


ARMVZE. PAT 
SG/OCSeseanun + aerearce 


DESIGN-EXPERT Analysis 


Oxides 
5.360 


3.780 
2.200 


0.6200 


110.0 
be 





Figure 28. Response surface plot of oxide content for 1/8-in. zinc. 
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Figure 29. Response surface plot of bond strength for 1/8-in. zinc. 
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Figure 30. Response surface plot of roughness for 1/8-in. zinc. 
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Figure 31. Response surface plot of microhardness for 1/8-in. zinc. 
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Figure 32. Response surface plot of CML for 3/16-in. zinc. 
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Figure 33. Response surface plot of porosity for 3/16-in. zinc. 
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Figure 34. Response surface plot of oxide content for 3/16-in. zinc. 
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Figure 35. Response surface plot of bond strength for 3/16-in. zinc. 
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Figure 36. Response surface plot of roughness for 3/16-in. zinc. 
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Figure 37. Response surface plot of microhardness for 3/16-in. zinc. 
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Process Parameter Optimization Analysis 


Analysis was then conducted to determine the optimum parameters for the coat- 
ing designs. This methodology involved numerical optimization to search for a 
combination of parameter levels that simultaneously satisfies the requirements 
placed on each of the responses. The assumptions used for the numerical opti- 
mization involved priority weighting only on the attributes of low CML, low po- 
rosity, and high bond strength. 


The numerical optimization for 1/8-in. 85/15 is illustrated in Table 13. The op- 
timized process parameters are: spray distance of 8.4-in., a 90° spray angle, a 
current of 324 amperes, and a pressure of 110 psia. Predicted coating attributes 
are shown in the table. 


Table 13. Numerical optimization results for 1/8-in. 85/15. 


/Factor | Min. | Max. | Start_| Finish 


|| Observed | Optimization Parameters | Weights | 


-Resiones_ |... —_}_ Ms, _}_ oot} _{ igh |__| Rona 
/EBondst | 734.0 | 1427 | 1400 | 1000 | 1427 | 1.00 | 1.00 | 1400 
aroun. | sor | vari [| | | S| ST 80 
poxides | 300 | 4300 | | 
|Microhard | 36.70 | szto | | tt 
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The numerical optimization for 3/16-in. 85/15 is illustrated in Table 14. The op- 
timized process parameters are: spray distance of 7.7-in., 90° spray angle, cur- 
rent of 250 amperes, and pressure of 108 psia. Predicted coating attributes are 
shown in the table. 


Table 14. Numerical optimization results for 3/16-in. 85/15. 
|Factor | Min. | Max. | Start | Finish 


| | bserved ___|_ Optimization Parameters 


|Response | Min. | _Max._| _Goal_| Low | High | 17 | 2” | Result _ 
/RaRough. | 8.560 | 2682 | | | | 020 
foxides | 600 | 4200 | | 022 
|Micronard | av.to | ostvo | | Tt. 





The numerical optimization for 1/8-in. aluminum is illustrated in Table 15. The 
optimized process parameters are: spray distance of 6-in., a 90° spray angle, a 
current of 379 amperes, and a pressure of 90 psia. Predicted coating attributes 
are shown 1n the table. 


Table 15. Numerical optimization results for 1/8-in. aluminum. 


|Factor | Min. | Max. | Start_| Finish 


| | bserved __|_—_ Optimization Parameters 
| tow | High | 1 | 2 | Result 


| Max. | Goal_| Low 
2 es  P 
| eo | | st 
psago | | 80.72 





The numerical optimization for 3/16-in. aluminum 1s illustrated in Table 16. The 


optimized process parameters are: spray distance of 12-in., a 90° spray angle, a 
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current of 450 amperes, and a pressure of 100 psia. Predicted coating attributes 
are shown in the table. 


Table 16. Numerical optimization results for 3/16-in. aluminum. 


|Factor | Min. | Max. | Start_| Finish 


|| bserved | Optimization Parameters | __ Weights | 


|Response | Min. | _Max._| Goal_| Low | High | 17 | 2 | Result _ 
|RaRough. | 12.16 | 2644 | | | Tt 
foxides | 0.7000 | 9400 | | tt 
[Microhard | 4400 | 5300 | | 08 





The numerical optimization for 1/8-in. zinc is illustrated in Table 17. The opti- 
mized process parameters are: spray distance of 8-in., a 90° spray angle, a cur- 
rent of 445 amperes, and a pressure of 103 psia. Predicted coating attributes are 
shown 1n the table. 


Table 17. Numerical optimization results for 1/8-in. zinc. 
|Factor | Min. | Max. | Start | Finish 


|| Observed | Optimization Parameters | ___ Weights | 


|Response | Min. | Max._| Goal_| Low | High | 1° | 2 | Result _ 
[ZBondsir | 713 | 1223 | 1200 | 900 | 1223 | 1.00 | 1.00 | 1200 __ 
|RaRough. | a1 | tava || | tg 
foxides | too | goo | | Et 
/Microhard | 22.40 | 3340 | | | 
pom. | 4.49e-02 | 0.144 | 0.05 | 0.0449 | 0.06 | 3.00 | 1.00 | 5.00E-02 _ 





The numerical optimization for 3/16-in. zinc is illustrated in Table 18. The opti- 
mized process parameters are: spray distance of 12-in., a 90° spray angle, a cur- 
rent of 450 amperes, and a pressure of 100 psia. Predicted coating attributes are 
shown in the table. 
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Table 18. Numerical optimization results for 3/16-in. zinc. 
|Factor | Min. | Max. | Start | Finish 


|| bserved | Optimization Parameters | Weights | 


|Response | Min. | _-Max._| Goal_| Low | High | 1° | 2 | Result _ 
pRaRough. | 2 | oa2ta | Pt 
[Porosity | 5.300 | 1970 | 7 | 53 | 9 | 200 | 1.00 | 7.000 
foxes | 0.5000 | 5900 | | 0 
/Microhard | 25.40 | saeo | | | 





For all six cases, the derived predicted properties are better than the optimum 
coatings of this study discussed in the characterization section. Confirmation 
runs should be conducted to confirm these optimized parameters. 


The statistical methodology used in this study is significant in that it finalizes 
coating design studies by optimizing the most important process or coating at- 
tributes and the process parameters that affect these attributes. The attributes 
may differ for the same material in different applications, and the baseline data 
generated in this study can be used to develop specific confirmation runs that 
approach other desired application attributes. 


At this juncture, a quadratic process parameter/coating attribute relationship 
was established. Multiple regression analysis was then required to develop the 
relationship between the coating attributes and the coating performance (1.e., 
abrasion resistance). In this manner the complete parameter/property/perform- 
ance relationship was defined. 


Regression Analysis 
Sequential regression analysis was then used to establish a relationship between 
the process parameters, the coating microstructural attributes, and the coating 


corrosion performance. 


The quadratic regression analysis from the characterization ANOVA analysis 
established the relationship between the process parameters (i.e., orifice diame- 
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ter, gun pressure, current, and spray distance), and the coating attributes (..e., 
CML, bond strength, porosity, oxide content, roughness, hardness). 


The Minitab* code was then used to establish the relationship between the coat- 
ing attributes, and the dependent variable of cumulative mass loss for the six 
material systems. Tables A7, B7, C7, D7, E7, and F7 illustrate the Minitab 
analysis conducted for the six systems. In all cases, the error of the regression 
equations is low and the residuals from the equations are low, indicating the va- 
lidity of the analyses. 


Equation 2 illustrates a typical equation derived from the regression analysis 
that illustrates the property/performance relationship for the 1/8-in. 85/15 sys- 
tem. The equations are listed in the respective appendix. The equations signify 
the erosion resistance for the experiments of this study as a function of the coat- 
ing attributes of roughness (R), porosity (P), oxide content (OQ), bond strength 
(BS), and microhardness (MH). The lowest value of CML would be the most ero- 


sion resistant coating. 


The regression equation for the 1/8-in. 85/15 system is: 


CML = 0.505 - 0.00324 P - 0.0261 0 - 0.0181 MH -0.000000 BS2 
+0.000077 R2 +0.000140 P2 + 0.00385 02 +0.000196 MH2 - 21.5 1/BS 
+ 0.386 1/R - 0.0055 1/0 - 0.0697 1/P2 [Eq 2] 


Figures 38 through 48 illustrate the predicted erosion resistance as a function of 
the coating attributes for the six material systems. In these plots the character1- 
zation variables of oxide content, microhardness, and bond strength are held at 
the average values shown in Tables 4a through 4f for use in the regression equa- 


tions. 


Figure 38 illustrates the erosion resistance as a function of the porosity and 
roughness for the 1/8-1in. 85/15 system. As shown, the erosion resistance in- 
creases (1.e., low CML) with decreasing porosity. Roughness does not have any 
significant effect. CML is at a minimum at the lowest porosity and intermediate 
roughness. 


: Ryan, B.F., et al., Minitab, Version 8.0, Minitab, Inc., State College, Pennsylvania. 
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Figure 39 illustrates the erosion resistance as a function of the porosity and 
roughness for the 3/16-in. 85/15 system. As shown, the erosion resistance also 
increases (1.e., low CML) with decreasing porosity and roughness. CML is ata 
minimum at the lowest porosity and roughness. 


Figure 40 illustrates the erosion resistance as a function of the porosity and 
roughness for the 1/8-in. aluminum system. As shown, the erosion resistance 
increases (1.e., low CML) with decreasing porosity and roughness. CML is ata 
minimum at the lowest porosity and roughness. 


Figure 41 illustrates the erosion resistance as a function of the porosity and 
roughness for the 3/16-in. aluminum system. As shown, the erosion resistance 
follows the trends of the 1/8-1n. system, also increasing (1.e., lower CML) with 
decreasing porosity. Roughness has little effect on the CML, which is at a mini- 
mum at the lowest porosity and roughness. 


Figure 42 illustrates the erosion resistance as a function of the porosity and 
roughness for the 1/8-in. zinc system. As shown, the erosion resistance increases 
Gi.e., low CML) with decreasing porosity. Roughness has little effect on the CML, 
which is at a minimum at the lowest porosity and intermediate roughness. 


Figure 43 illustrates the erosion resistance as a function of the porosity and 
roughness for the 3/16-in. zinc system. As shown, the erosion resistance in- 
creases (i.e., lower CML) with lower porosity and roughness. The CML is ata 
minimum at the lowest porosity and roughness. 


By substitution of the characterization equations into the regression equations, 
the complete parameter/property/ performance relationship is established for 
each material system. 
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Figure 38. Predicted erosion resistance for 1/8-in. 85/15. 
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Figure 39. Predicted erosion resistance for 3/16-in. 85/15. 
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Figure 40. Predicted erosion resistance for 1/8-in. aluminum. 
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Figure 41. Predicted erosion resistance for 3/16-in. aluminum. 
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Figure 42. Predicted erosion resistance for 1/8-in. zinc. 
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Figure 43. Predicted erosion resistance for 3/16-in. zinc. 
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9 Recommendations for Use of the TWEA 
Process in the Field 


Substrate Preparation 


Substrate surface preparation prior to thermal spraying is absolutely essential. 
Steps must be executed correctly for the coating to perform to design expecta- 


tions. At worst, total failure could occur. 


Recommendations: 

e Clean the surface to be sprayed. Remove contaminants such as oil, grease, 
paint, rust, scale, and moisture. Contaminants will reduce bond strength. 

e Manual cleaning with solvents is often all that 1s necessary to remove surface 
erease and oils. 

e The single most critical step to ensure coating adhesion is grit blasting. Dry 
abrasive grit blasting is the more commonly used roughening technique. A 
properly prepared surface has a white sheen to the metal. Best results use a 
3 mil sawtooth profile for the grit blasted surface, as illustrated in the bond 
strength experiments of this study. In general, for both the 1/8-in. and 3/16- 
in. wire of this study, the 3-mil profile exhibited higher bond strengths than 
the 1-mil profile. 


Equipment 
Wire Feed 


Wire feed in a TWEA is strictly mechanical. The wire tips need to be continually 
and uniformly fed into the heating zone for melting in the arc. Position of the 
wire and feed rate are extremely important in controlling the coating porosity, 


surface texture, bond, and thickness. 


Recommendations: 
e less than 5 m (16 ft) 1s recommended between the drive wheel and the wire 


feed source. 
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e Avoid kinks in the wires. If wires kink and become bent, the feeding of the 
wire will affect feed uniformity. 

e Gradual changes in wire feed contour must be observed. Larger, stiffer wires 
become more difficult to feed as uncoiling takes more force and leads to larger 
wire tension variations. 


Atomizing Air 


Atomizing air is used to cool the electrode contact area and atomize the melting 
wire tips. As shown in the effects analysis in Tables 7 through 12, pressure has 
a substantial effect on many of the coating attributes and should be monitored 
closely once the job parameters have been selected. 


Recommendations: 

e Dry, contaminate- and oil-free, high-flow air is essential. Oil and moisture in 
the air will contribute to coating oxidation, substrate contamination, and 
coating inclusions. 

e Atomizing air flow and nozzle jet configuration play a strong role in droplet 
size and distribution as well as in determining the spray pattern (size and 
shape) of a wire-arc spray system. 

e In general, higher flow yields higher particle speed, which shortens a parti- 
cle's residence time and creates a finer droplet distribution, leading to denser 
and lower oxide coatings. 


Coating Application 


The fundamental objective for gun and substrate motion during spraying is to 
present the target area to the spray stream in a steady, consistent, and repeat- 
able manner, always maintaining the same gun-to-substrate spray angle, stand 
off (spray distance), and relative motion. 


Gun Angle 


Thermal spraying is a line-of-sight process. Complex shapes or contours require 
special attention. Deviation from normal (perpendicular) spray will often com- 
promise coating properties. Porosity may increase and coating integrity will de- 
crease. As shown in the effects analysis in Tables 7 through 12, gun angle dras- 
tically affects all coating parameters. 
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Recommendations: 

e Study the component/part shape and identify the area where the coating is to 
be applied. The stream of spray particles should impact the target surface as 
close to normal (90°) as possible. The minimum acceptable impingement an- 
gle is 45° to the target area. Use high spray angles only as a last resort. As 
shown in Tables 4a through 4f, spraying at drastic angles compromises the 
coating properties, and does not yield an optimum coating. 

e Porosity increases dramatically as the spray gun is moved from 90° to 67.5 to 
45°. Spray a sample coating at the impingement angle required and test its 
integrity before committing to spray the high spray angle. 


Spray Distance 


Spray distance control ensures the same coating is deposited across the entire 
target area and throughout the total thickness. 


Recommendations: 

e Once spray distance is established, it must be kept constant for the entire 
operation regardless of part or gun movement. This study proved that poros- 
ity can vary 15 percent, and bond strength can vary 700 psia for spray dis- 
tances from 6 to 12 in. 


Feedrate 


Feedstock consumption establishes the rate of coating deposited as the spray 
stream passes over the target. 


Recommendations: 

e Do not change spray rate while spraying. This leads to uneven coating thick- 
ness, and coating properties can vary from those intended. 

e An even and consistent coating thickness should be applied after each layer. 
As a general rule, 50 microns (0.002 in.) of coating thickness should be ap- 
plied per TWEA layer; therefore, a 250-micron (0.010-in.) thick coating re- 
quires 5 layers. Layer thickness chosen can change and often does to ac- 
commodate the application. 


Spray Motion and Speed 


To determine the speed of gun motion relative to the sprayed item, each pass of 
the gun over the surface should deposit an even band of deposited coating. 
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Recommendations: 


Adjust the relative motion of the gun so that the spray pattern is moved ap- 
proximately one-half the spray pattern diameter for each pass over the target 
area. This overlap will produce a smooth and continuous layer. 

After the gun 1s moved in the x direction across the surface, index it in the y 
direction for the next adjacent pass, and so on to cover the target area. Prop- 
erly applied, the coating will be deposited 1n equal layers. 

A comfortable manual traverse rate is 12 1n./sec. 
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10 Summary and Conclusions 


Summary 


An experimental study of the TWEA spraying of 1/8-in. and 3/16-1n. 85/15, alu- 
minum, and zinc wire has been presented. Box type, fractional-factorial design 
experiments were conducted. Major parameters investigated in the TWEA sta- 
tistical studies included spray distance, gun angle, current, and gun pressure. 
The coating attributes evaluated included porosity, roughness, oxide content, 
bond strength, microhardness, and corrosion resistance. These studies led to op- 
timized process parameters for this particular application for each material sys- 
tem. In this study, the coating designs were based on the determination of the 
most erosion-resistant coating. The empirical studies were conducted to deter- 
mine if zinc and aluminum coatings sprayed with a TWEA spray system could 
perform as abrasive corrosion resistant coatings for infrastructural and site- 
specific applications. 


Coatings were characterized and evaluated by a number of techniques for the six 
material systems: 


SDE bond strength experiments: The bond strength ranges were 734 to 
1,427 psia for the 1/8-in. 85/15 coatings; 1,049 to 1,437 psia for the 3/16-in. 85/15 
coatings; 1,417 to 2,161 psia for the 1/8-in. aluminum coatings; 784 to 1,356 psia 
for the 3/16-1in. coatings; 713 to 1,223 psia for the 1/8-in. zinc coatings; and 688 to 
1,019 psia for the 3/16-in. coatings. 


Classical bond strength experiments: For both 1/8- and 3/16-in. wire, the 8- 
mil blast profile exhibited higher bond strengths than the 1-mil profile. The 
aluminum coatings exhibited the highest bond strengths followed by the 85/15 
coatings, and then the zinc coatings. The steel grit, copper slag, and alumina 
erit exhibited comparable bond strengths, while the steel shot exhibited ex- 
tremely low bond strengths. 


Roughness: The average roughness ranges were 9.0 to 18.7 microns for the 
1/8-in. 85/15 coatings; 8.6 to 26.8 microns for the 3/16-in. 85/15 coatings; 14.7 to 
27.9 microns for the 1/8-in. aluminum coatings; 12.2 to 26.4 microns for the 3/16- 
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in. aluminum coatings; 8.9 to 18.7 microns for the 1/8-1n. zinc coatings; and 11.1 
to 22.2 microns for the 3/16-1in. zinc coatings. 


Porosity: The porosities of the 1/8-in. 85/15 coatings ranged from 1.4 to 11.5 
percent; the 3/16-in. 85/15 coatings ranged from 1.4 to 21.2 percent; the 1/8-in. 
aluminum coatings ranged from 3.1 to 21.4 percent; the 3/16-in. aluminum coat- 
ings ranged from 1.3 to 18.3 percent; the 1/8-in. zinc coatings ranged from 1.2 to 
16.8 percent; while the porosities of the 3/16-in. zinc coatings ranged from 5.3 to 
19.7 percent. 


Oxide content: The 1/8-in. 85/15 coatings ranged from 1.3 to 4.3 percent, the 
3/16-in. 85/15 coatings ranged from 1.6 to 4.2 percent, the 1/8-1in. aluminum coat- 
ings ranged from 1.0 to 6.0 percent, the 3/16-in. aluminum coatings ranged from 
0.7 to 9.4 percent, the 1/8-in. zinc coatings ranged from 1.4 to 7.9 percent, and 
the 3/16-in. zinc coatings ranged from 0.5 to 5.9. 


Vickers microhardness: Measurements ranged from 36.7 to 52.1 for the 1/8- 
in. 85/15 coatings, 37.1 to 51.7 for the 3/16-in. 85/15 coatings, 47.2 to 52.4 for the 
1/8-in. aluminum coatings, 44 to 53 for the 3/16-1n. aluminum coatings, 22.4 to 
33.1 for the 1/8-in. zinc coatings, and 25.4 to 34.6 for the 3/16-in. zinc coatings. 


Deposition efficiency: Deposition efficiency for the 1/8-in. 85/15 coatings was 
nominally 64 percent, while the deposition efficiency for the 3/16-in. 85/15 coat- 
ings was nominally 68 percent. Deposition efficiency for the 1/8-in. aluminum 
coatings was nominally 64 percent, while the deposition efficiency for the 3/16-in. 
aluminum coatings was nominally 74 percent. Deposition efficiency for the 1/8- 
In. zinc coatings was nominally 57 percent, while the deposition efficiency for the 
3/16-1n. zinc coatings was nominally 65 percent. The 3/16-in. aluminum and 
3/16-1n. zinc systems showed a slight increase in DE with current, while the 
3/16-in. 85/15 system showed a slight decrease. The 1/8-in. systems did not indi- 
cate any substantial effects from current. In all cases, the 3/16-in. wire exhibited 
higher DE than the 1/8-in. wire. 


Abrasion Resistance: Coupons were measured for cumulative mass loss at 1, 
2, and 5 minutes. At 5 minutes, the CML of the 1/8-1n. 85/15 coatings ranged 
from 0.024 to 0.038 grams, while the CML of the 3/16-in. 85/15 coatings ranged 
from 0.0126 to 0.0391 grams. At 5 minutes, the CML of the 1/8-in. aluminum 
coatings ranged from 0.0245 to 0.0709 grams, while the CML of the 3/16-in. alu- 
minum coatings ranged from 0.0132 to 0.0806 grams. At 5 minutes, the CML of 
the 1/8-in. zinc coatings ranged from 0.0449 to 0.1448 grams, while the CML of 
the 3/16-in. zinc coatings ranged from 0.0494 to 0.1018 grams. The lowest value 
of CML is the most abrasive-resistant coating. 
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Microstructures: based on the criteria of either low CML or low porosity, the 
coatings for the six systems varied substantially in quality. No cracking or un- 
melted particles were evidenced in the body of any of the coatings. 


85/15 Coatings: All of the 85/15 photomicrographs indicate very dense coat- 
ings with homogeneously dispersed porosity. The splat morphologies are very 
similar for all of the coatings, with a tendency for large diameter, thin lamellar 
structures. 


Aluminum Coatings: Photomicrographs indicate very porous coatings (.e., 
porosity average is 10 percent), which is dispersed homogeneously throughout 
the coating matrices. The splat morphologies are very similar for all of the coat- 
ings with a tendency for small diameter, thick lamellar structures. 


Zinc Coatings: The zinc photomicrographs indicate coatings with intermedi- 
ate porosity (i.e., porosity averages: Z = 7.6%, BZ = 11.2%). The porosity is dis- 
persed homogeneously throughout the coating matrices. The splat morphologies 
are very similar to the 85/15 coatings. 


Trend analysis based on the coating characterization and performance evalua- 
tion results indicated the following: 


1. 85/15: higher porosity and roughness evidenced for larger wire; no effect on wire 
size for hardness, oxide content, CML, and bond strength. 


2. Aluminum: lower bond strength and higher oxide content evidenced for larger 


wire; no effect on wire size for hardness, porosity, CML, and roughness. 


83. Zinc: higher porosity, higher roughness, and lower CML evidenced for larger 
wire; small effect on wire size for bond strength; no effect on wire size for oxide 


content and hardness. 


4. 85/15 vs aluminum: the 85/15 data indicates lower porosity and oxide content, 
lower bond strength and roughness, comparable hardness, and lower CML as 
compared to the aluminum data. 


5. 85/15 vs zinc: the 85/15 data indicates lower porosity, lower oxide content, sub- 
stantially lower CML, higher hardness, higher bond strength, and comparable 
roughness as compared to the zinc data. 


6. Zinc vs aluminum: the zinc data indicates lower hardness, lower bond strength, 
lower roughness, higher CML, and comparable porosity and oxide content rela- 
tive to the aluminum data. 
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Statistically designed experiments were conducted for the six material systems 
to determine the parameter space for optimization. Effects, ANOVA, and opti- 
mization analyses were conducted for the six material systems. The Box-type 
statistical design of experiment methodology is an efficient means of determining 
broad-based factor effects on measured attributes. This methodology statisti- 
cally delineates the impact of each variable on the measured coating characteris- 
tics across all combinations of other factors. By examination of the optimum lev- 
els of the process parameters, a design coating can be obtained for any 
application. The optimum coating for this application would have in order of 
priority: low CML, low porosity, low oxides, high BS, low roughness, and high 


microhardness. 


ANOVA analysis, conducted to determine the adequacy of the linear, quadratic, 
and cubic models, indicated that the quadratic model was more effective for all of 
the measured coating attributes. The derived regression equations define the 
process parameter-attribute relationship for each material. The diagnosis of re- 
siduals did not reveal any statistical problems in the regression analysis for any 
of the attributes. 


For the 1/8-in. 85/15 coatings, CML, porosity, and bond strength are most 
strongly affected by spray angle, while oxide content, roughness, and microhard- 
ness are most strongly affected by spray distance. For the 3/16-in. 85/15 coat- 
ings, CML, oxide content, and bond strength are most strongly affected by spray 
angle, while porosity, roughness, and microhardness are most strongly affected 
by spray distance. Correlation between the two 85/15 wire systems is excellent 
in terms of effects analysis, in that all the responses are strongly affected by e1- 
ther spray distance and/or spray angle. 


For the 1/8-in. aluminum coatings, porosity, bond strength, roughness, and mi- 
crohardness are most strongly affected by spray angle, while CML is most 
strongly affected by current, and oxide content by spray distance. For the 3/16- 
in. aluminum coatings, porosity, CML, roughness and microhardness are most 
strongly affected by current, while oxide content and bond strength are most 
strongly affected by spray angle. The strong dependency on current for the 3/16- 
in. wire system in terms of effects analysis indicates that a completely different 


wire melting mechanism is occurring because of the larger wire. 


For the 1/8-in. zinc coatings, porosity, CML, and microhardness are most 
strongly affected by spray angle, while bond strength and roughness are most 
strongly affected by current. All of the responses are secondarily affected by 
spray distance. For the 3/16-1n. zinc coatings, porosity, and roughness are most 
strongly affected by spray angle, while oxide content is most strongly affected by 
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spray distance. Bond strength and CML are most strongly affected by current, 
and hardness is most strongly affected by pressure. Only porosity and bond 
strength show correlation with the 1/8-in. zinc system. 


Analysis was then conducted to determine the optimum parameters for the six 
coatings. This methodology involved numerical optimization to search for a com- 
bination of parameter levels that simultaneously satisfies the requirements 
placed on each of the responses. The assumptions used for the numerical opti- 
mization involved priority weighting only on the attributes of low CML, low po- 
rosity, and high bond strength. 


The 1/8-in. 85/15 optimized parameters are: spray distance of 8.4-in., a 90° spray 
angle, a current of 324 amperes, and a pressure of 110 psia. The optimized pa- 
rameters for 3/16-in. 85/15 are: spray distance of 7.7-in., 90° spray angle, cur- 
rent of 250 amperes, and pressure of 108 psia. 


The 1/8-in. aluminum optimized process parameters are: spray distance of 6-in., 
a 90° spray angle, a current of 379 amperes, and a pressure of 90 psia. The op- 
timized process parameters for 3/16-in. aluminum are: spray distance of 12-in., 
a 90° spray angle, a current of 450 amperes, and a pressure of 100 psia. 


The 1/8-in. zinc optimized process parameters are: spray distance of 8-in., a 90° 
spray angle, a current of 445 amperes, and a pressure of 103 psia. The optimized 
process parameters for 3/16-1n. zinc are: spray distance of 12-in., a 90° spray an- 
gle, a current of 450 amperes, and a pressure of 100 psia. 


For all six cases, the derived predicted properties are better than the optimum 
coatings of this study discussed in the characterization section. Confirmation 
runs should be conducted to confirm these optimized parameters. 


Multiple regression analysis was used to develop the relationship between the 
coating attributes and the coating performance (i.e., erosion resistance) in order 
to define the complete parameter/property/performance relationship. Regression 
equations were obtained to signify the erosion resistance as a function of the 
coating attributes. For all six wire systems the erosion resistance increases (1.e., 
low CML) with decreasing porosity. Lower roughness (i.e., smoother coatings) 
has a secondary effect on the 3/16-in. 85/15 system, the 1/8-1n. aluminum system, 
and the 3/16-1in. zinc system. 


Recommendations for use of the TWEA process in the field were established for 
substrate surface preparation (i.e., cleaning, grit blasting) and coating applica- 
tion (1.e., gun angle, spray distance, feedrate, spray motion, and speed). 
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Conclusion 


The program objectives of this study were to demonstrate the use of thermal 
spray coatings. The effects of various application and surface preparation pa- 
rameters on the performance of 85Zn/15AI coatings have been measured, and the 
erosion resistance of the 85/15 coatings were shown to be superior to the zinc and 
aluminum coatings. The research from this study will be utilized to develop 
thermal spray process parameters and inspection criteria for Corps of Engineers 


thermal spray projects. 
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Appendix A. Results for the 1/8" 85/15 Wire System 


Figures A1-A21: Photomicrographs Ai-A21 
Figures A22-A27: Perturbation Plots 
Tables A1-A6: Design Expert Analysis 
Table A7: Minitab Analysis 
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Figure Al. Photomicrograph of Coating El (1/8" 85/15) 
A2 


PROTECH LAB CORP. 


Materials Testing Services 





| 9940 Reading Road, Cincinnati, Ohio 45241, Phone: 513 563-5005 Fax 563-5004 





al - 
- 


PHOTO | AS CAPTU 


_ ra 


RED - E2 








=. . é " 


PHOTO 1 AS THRESHOLDED AND ANALYZED FOR POROSITY & OXIDE CONTENT _ E? 


Figure A2. Photomicrograph of Coating E2 (1/8" 85/15) 
A3 
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Figure A3. Photomicrograph of Coating E3 (1/8" 85/15) 
A4 
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Figure A4. Photomicrograph of Coating E4 (1/8" 85/15) 
A5 
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Figure A5. Photomicrograph of Coating E5 (1/8" 85/15) 
Abo 
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Figure A6. Photomicrograph of Coating E6 (1/8" 85/15) 
A7 
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Figure A7. Photomicrograph of Coating E7 (1/8" 85/15) 
A8 
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Figure A8. Photomicrograph of Coating E8 (1/8" 85/15) 
A9 
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Figure A9. Photomicrograph of Coating E9 (1/8" 85/15) 
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Figure Al0. Photomicrograph of Coating E10 (1/8" 85/15) 
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Figure All. Photomicrograph of Coating Ell (1/8" 85/15) 
Al2 
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Figure Al2. Photomicrograph of Coating E12 (1/8" 85/15) 
Al3 
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Figure A13. Photomicrograph of Coating E13 (1/8" 85/15) 
Al4 
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Figure Al4. Photomicrograph of Coating E14 (1/8" 85/15) 
Al5 
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Figure A1l5. Photomicrograph of Coating E15 (1/8" 85/15) 
Al16 





PROTECH LAB CORP. 


Materials Testing Services 





9940 Reading Road, Cincinnati, Ohio 45241, Phone: 513 563-5005 Fax 563-5004 





= ry 
i 


nce 


— - ¥ Pe ‘ on : a , j ‘ . - : 
PHOTO | AS CAPTURED - E16 200X 





Figure Al6. Photomicrograph of Coating E16 (1/8" 85/15) 
Al7 





PROTECH LAB CORP. 


Materials Testing Services 
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PHOTO | AS THRE ND ANALYZED FOR POROSITY & OXIDE CONTENT - E17 


Figure A1l7. Photomicrograph of Coating E17 (1/8" 85/15) 
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PHOTO 1 AS THRESHOLDED AND ANALYZED FOR POROSITY - E18 


Figure Al8. Photomicrograph of Coating E18 (1/8" 85/15) 
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Figure A19. Photomicrograph of Coating E19 (1/8" 85/15) 
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PHOTO | AS THRESHOL 


Figure A20. Photomicrograph of Coating E20 (1/8" 85/15) 
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9940 Reading Road, Cincin nati, Ohio 45241, Phone: 513 563-5005 Fax 563-5004 
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PHOTO | AS CAPTURED - E21 
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PHOTO | AS THRESHOLDED AND ANALYZED FOR POROSITY & OXIDE CONTENT - E21 


Figure A21. Photomicrograph of Coating E21 (1/8" 85/15) 
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DESIGN-EXPERT Analysis 





Model: 
Quadratic 
Response: 13164. 
E Bond Str 
Coded variables: = 4474) . 
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B = Angle 
C = Current 1032+. 
D = Pressure a 
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Response Surface Plot of Bond Strength (E coatings) 


Figures A22. 
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DESIGN-EXPERT Analysis 


Model: 
Quadratic 
Response: 0.036-- 
CumMassLoss 
Coded variables: ih 
A = Spray Dist 0.035 
B = Angle 
C = Current 0.034}. 
D = Pressure 2B 
8 0.034 
= 
C> 
0.033 
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Figure A23. Response Surface Plot of CML (E coatings) 
A24 


Model: DESIGN-EXPERT Analysis 
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Response: 52.71+- 
Microhard 
Coded variables: | 
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= 
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42.004 
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Figure A24. Response Surface Plot of Microhardness (E coatings) 
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DESIGN-EXPERT Analysis 





Model: 
Quadratic 
Response: 4.130+ 
Oxides 
Coded variables: 7971. 
A = Spray Dist — 
B = Angle 
C = Current 3.3231 
D = Pressure 
3 9 990 |. 
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2.516} 
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Figure A25. Response Surface Plot of Oxide Content (E coatings) 
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DESIGN-EXPERT Analysis 





Model: 
Quadratic 
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Response Surface Plot of Porosity (E coatings) 
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Model: DESIGN-EXPERT Analysis 
Quadratic 
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Figure A27. Response Surface Plot of Roughness (E coatings) 
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Table Al. 1/8" 85/15 Statistical Analysis of Bond Strength 


Sequential Model Sum of Squares 


SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN 26996004.8 1 26996004.8 
Linear 239985.6 4 59996.4 2.200 0.1152 
Quadratic 399603.7 10 39960.4 6.532 0.0161 
Cubic 5709.5 Z 2854.8 0.3684 05.7131 
RESIDUAL 30998.5 4 7749.6 
TOTAL 27672302.0 yaa 
Lack of Fit Tests 
SUM OF MEAN EF 
MODEL SQUARES DF SQUARE VALUE PROB > F 
Linear 405313.2 12 33776.1 4.358 0.0834 
Quadratic 5709.5 2 2854.8 0.3684 0.7131 
Cubic 0.0 0 
PURE ERR 30998.5 4 7749.6 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT ADJ 
SOURCE TERMS DE MSE R-SQR R-SQR PRESS 
Linear 5 16 165.1 0.3549 0.1936 939130.9 
Quadratic 15 6 TO. 0.9457 0.8191 1291808.7 
Cubic 17 4 88.0 0.9542 0.7708 


Case(s) with leverage of 1.0000: PRESS statistic not defined. 


ANOVA for Quadratic Model 


SUM OF MEAN EF 
SOURCE SQUARES DE SQUARE VALUE PROB > F 
MODEL 639589.2 14 45684.9 7.467 0.0105 
RESIDUAL 36708.0 6 6118.0 
Lack Of Fit 5709.5 2 2854.8 0.3684 0.7131 
Pure Error 30998.5 4 7749.6 
COR TOTAL 676297.2 20 
ROOT MSE TO eZ R-~SQUARED 0.9457 
DEP MEAN 113328 ADJ R-SQUARED 0.8191 
Cue 6.90% , 
Predicted Residual Sum of Squares (PRESS) = 1291808.7 
INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE ESTIMATE DE ERROR COEBFFICIENT=0 PROB > |{t| 
Intercept TiS 469 d, 29.4 38.65 
A 26.6 al 46.3 0.5 fod 0.5861 
B -411.7 1 1455 1: =2,.031 0.0297 
C L2h «0 dk Ss pes 23009 0.0607 
D 66.5 1 Soe Lc2O2 0.2745 
A2 36.3 Hl 46.4 0.7820 0.4639 
B2 -299.9 ik 1923 -3.782 0.0092 
C2 =34 55 1 45.0 -0.7666 0.4724 
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D2 LZ oS 1 42.7 2.982 0.0246 
AB 51822 1 106.0 3.002 0.0239 
AC = 17 649 1 1 oe i He —1.607 0.1591 
AD a5 3159 1 12033 aah ra ao ee, 0.0329 
BC 15052 1 92.0 2.891 0.0276 
BD a cy ame | 1 80.6 23322 0.0593 
CD -92.7 1 Ti 9:..2 -0.7774 0.4665 
Final Equation in Terms of Actual Factors: 
E Bond Str = 
7760.0 
+ $27.03: * Spray .Dist 
_ 60.656 * Angle 
+ 724316. * “Current 
= 190.89 * Pressure 
+ 4.0362 * Spray Dist%*2 
- 0.59232 * Angle “2 
7 3,453E-03 * Current*2 
+ 1.2735 * Pressure%’2 
+ 4.7149 * Spray Dist * Angle 
= 0.59638 * Spray Dist * Current 
7 11.064 * Spray Dist * Pressure 
+ 6.677E-02 * Angle * Current 
+ 0.83173 * Angle * Pressure 
= 9,266E-02 * Current * Pressure 
Obs ACTUAL PREDICTED 
Ord VALUE VALUE RES IDUAL 
J 1212.0 1207.4 4.6 
2 1264.0 1144.6 119.4 
3 1427.0 1435.4 -8.4 
4 1284.0 las so eres. 30.5 
5 1386.0 1381.4 4.6 
6 876.0 897.3 ot ae 
7 734.0 T9905 sa ee 
8 1161.0 1169.4 -8.4 
9 957.0 952.4 4.6 
10 1029.0 1144.6 = 4.6 
sel 1090.0 1134.9 -44,9 
12 1223.0 HES aS Las ee 
13 1233.0 1246.8 =13..°9 
14 1100.0 1134.9 -34.9 
5 784.0 758.9 20 ek 
16 998.0 972.9 254 
7 1161.0 1134.9 26.1 
18 125540 1227.9 25 3-1. 
19 1182.0 £195.83 a OS Pe > 
20 1141.0 1134.9 6.1 
Zh. IES wi Be are 6, 1328:.8 =1 5-0 
a 
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Table A2. 1/8" 85/15 Statistical Analysis of Cumulative Mass Loss 
Sequential Model Sum of Squares 
SUM OF MEAN EF 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN 0.0226386 1 0.0226386 
Linear 0.0001105 4 0.0000276 4.565 0.0119 
Quadratic 0.0000649 10 0.0000065 Leen 0.4201 
Cubic 0.0000152 2 0.0000076 1.810 0.2755 
RESIDUAL 0.0000167 4 0.0000042 
TOTAL 0.0228459 21 
Lack of Fit Tests 
SUM OF MEAN EF 
MODEL SQUARES DF SQUARE VALUE PROB > F 
Linear 0.0000801 12 0.0000067 1.595 0.3476 
Quadratic 0.0000152 2 0.0000076 1.810 OeZ755 
Cubic 0.0000000 0 
PURE ERR 0.0000167 4 0.0000042 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT ADJ 
SOURCE TERMS DF MSE R-SQR R-SQR PRESS 
Linear 5 16 0.00246 0.5330 0.4162 0.00018 
Quadratic LS 6 0.00231 0.8462 0.4873 0.00281 
Cubic 1) 4 0.00205 0.9193 0.5963 
Case(s) with leverage of 1.0000: PRESS statistic not defined. 
ANOVA for Quadratic Model 
SUM OF MEAN EF 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MODEL 0.0001755 14 0.00001 2.358 0.1491 
RESIDUAL 0.0000319 6 0.00001 
Lack Of Fit 0.0000152 2 0.00001 1.810 0.2755 
Pure Error 0.0000167 4 0.00000 
COR TOTAL 0.0002073 20 
ROOT MSE 0400231 R-SQUARED 0.8462 
DEP MEAN 02037233 ADJ R-SQUARED 0.4873 
C.V. 7.02% 
Predicted Residual Sum of Squares (PRESS) = 0.0028087 
INDEPENDENT COBFFICIENT STANDARD t FOR HO | 
VARIABLE ESTIMATE DE ERROR COEFFICIENT=0 PROB > |t| 
Intercept 0.03305 i 0.00087 38.18 
A -0.00023 1 0.00137 -0.1684 0.8718 
B 0.00268 1. 0.00428 0.6267 0.5539 
ie 0.00010 1 0.00163 6.13E-02 0.9531 
D -0.00095 1 0.00163 =-0.5827 0.5813 
A2 1 DO Z00LS 7 1.065 0.3280 
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B2 0',00057 i 0.00234 0.2450 0.8146 
C2 O00 LSS 1 0.00133 Lal Sd 0.2937 
D2 ~0.00096 1 0.00126 -0.7617 0.4751 
AB -0.00510 1 0.00312 42650 0.1535 
AC -~0.00411 1 0.00328 = LEZou OnZoT3 
AD 0.00409 i 0.00355 i ores 0.2929 
BC 0.00070 1 0.00153 0.4547 0.6653 
BD -0.,00018 am 0.00238 -7.59E-02 0.9420 
CD 0.00371 1 0.00351 1.057 0.3512 
Final Equation in Terms of Actual Factors: 
CumMassLoss = 
0.12806 
- 5.022E-03 * Spray Dist 
+ 5.679E-04 * Angle 
~ 3.820E-04 * Current 
= 6.313E-04 * Pressure 
+ 1.619E-04 * Spray Dist%*2 
+ 1.131E-06 * Angle “2 
+ 1.528E-O7 * Current*2 
= 9.588E-06 * Pressure“*2 
= 7.561E-05 * Spray Dist * Angle 
- 1.369E-05 * Spray Dist * Current 
+ 1.363E-04 * Spray Dist * Pressure 
+ 3.095E-07 * Angle * Current 
- 8.013E-07 * Angle * Pressure 
+ 3.714E-06 * Current * Pressure 
Obs ACTUAL PREDICTED 
Ord VALUE VALUE RESIDUAL 
1 0.03370 0.03315 0.00055 
Z 0.03410 0.03474 -0.00064 
3 0.02380 0.02387 -0.00007 
4 0.03100 0302924 0.00179 
5 0.03150 0.03095 0.00055 
6 0.03210 0.03280 -0.00070 
a 0.03340 0.03410 -0.00070 
8 0.03820 003827 -0.00007 
9 0.03750 0.03695 0.00055 
10 0.03490 0.03474 0.00016 
11 0.03230 0.03305 =0',00075 
12 0.03450 0.03428 0.00022 
13 0.02930 0.03094 -0.00164 
14 0.03620 0.03305 0.00315 
Rs 0.03020 0.02998 0.00022 
16 0.03470 0.03448 0.00022 
ae 0.03120 0.03305 -0.00185 
18 0.03490 0.03468 0.00022 
19 0.03140 0.03304 -0.00164 
20 0.03510 0.03305 0.00205 
21. 0.02950 0.03114 -0.00164 
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Table A3. 1/8" 85/15 Statistical Analysis of Microhardness 


Sequential Model Sum of Squares 


SUM OF MEAN EF 
SOURCE SQUARES DE SQUARE VALUE PROB > F 
MEAN 50186.1 1 50186.1 
Linear 95.3 4 23.8 1.675 0.2049 
Quadratic 210.8 10 21.1 7.560 0.0111 
Cubic 1.6 Z 0.8 0.2084 0.8202 
RESIDUAL 15.2 4 3.8 
TOTAL 50508.9 21 
Lack of Fit Tests 
SUM OF MEAN EF 
MODEL SQUARES DF SQUARE VALUE PROB > F 
Linear 212.4 12 se pee | 4.673 0.0744 
Quadratic 1.6 2 0.8 0.2084 0.8202 
Cubic 0.0 0 
PURE ERR 152 4 3.8 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT ADJ 
SOURCE TERMS DF MSE R-SOQR R-SQR PRESS 
Linear 5 16 iC et a 0.2951 0.1189 463.50 
Quadratic ES 6 1.67 0.9482 0.8272 381.47 
Cubic 17 4 1.95 0.9531 0.7653 


Case(s) with leverage of 1.0000: PRESS statistic not defined. 


ANOVA for Quadratic Model 


SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MODEL 306.1 14 21.86 7.840 0.0092 
RESIDUAL 16.7 6 2.7/9 
Lack Of Fit 1.6 2 0.79 0.2084 0.8202 
Pure Error Rs ers 4 3.79 
COR TOTAL 322.8 20 
ROOT MSE 1367 R-SQUARED 0.9482 
DEP MEAN 48.89 ADJ R-SQUARED 0.8272 
CoN. 3.42% 
Predicted Residual Sum of Squares (PRESS) = 381.5 
INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE ESTIMATE DF ERROR COEFFICIENT=0 PROB > |{t| 
Intercept 50.39 1 0.63 80.37 
A 6.54 d., 0.99 6.613 0.0006 
B fae | 1 SLO 0.3669 0.7263 
C 0.80 1 dies 0.6775 0.5233 
D -1.60 al 1518 -1.355 0.2242 
A2 -4.,61 iy 0.99 -~4.647 0.0035 
B2 0.65 i 1.69 0.3849 0.7136 
C2 15,03 1 0.96 1.074 0.3243 
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D2 =0:29 1 0.91 =0.3131 0.7648 
AB 1.56 1 2.26 -0.6893 0.5164 
AC erica si 2.06 -2.470 0.0485 
AD 6.16 Hf Zuid 25598 0.0535 
BC =1 10 a Ledd -0.9899 0.3604 
BD -0.10 1 5 -5.61E-02 0.9570 
CD 1230 i. 2.94 4.834 0.0029 
Final Equation in Terms of Actual Factors: 
Microhard = 
908615 
- 0.20637 * Spray Dist 
+ 0.24063 * Angle 
7 1.0742 * Current 
- 5.7032 * Pressure 
- 0.51206 * Spray Dist*%*2 
+ 1.287E-03 * Angle m2 
+ 1,03ZE-04 * Current Zz 
= 2.855E-03 * Pressure%*2 
= 2.312E-02 * Spray Dist * Angle 
= 1.956E-02 * Spray Dist * Current 
+ 0.20531 * Spray Dist * Pressure 
7 4,880E-04 * Angle * Current 
= 4.295E-04 * Angle * Pressure 
+ 1.230E-02 * Current * Pressure 
Obs ACTUAL PREDICTED 
Ord VALUE VALUE RES IDUAL 
1) 50.00 20 435 =OUek3 
2 41.80 39.24 Zea6 
3 50.90 50.79 Oedd 
4 47.50 48.11 =0.461 
5 41.10 41.23 “0.13 
6 49.10 48.75 0.35 
7 50.80 50.45 O35 
8 50.50 50.39 ied d 
9 50.60 90.73 =0.-13 
10 36.70 39.24 -2.54 
ala SOGLO 50u39 2029 
12 52.00 O22 92 =0.32 
13 50.30 49.90 0.40 
14 49.40 I0.59 -0.99 
Re 50.40 80.72 #037 
16 50.30 50.62 ~0..32 
7 9.30 50.39 0.91 
18 51.90 S2s22 =0332 
19 52.10 51.70 0.40 
20 20...90 50¢39 O01 
Zt 48.90 48.50 0.40 
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Table A4. 1/8" 85/15 Statistical Analysis of Oxide Content 


Sequential Model Sum of Squares 


SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN 217.61 al 217.61 
Linear 1.32 4 0.33 0.4268 0.7872 
Quadratic 9.47 10 0.95 1.967 0.2106 
Cubic 1.62 2 0.81 2.539 0.1942 
RESIDUAL lezd 4 04:92 
TOTAL 231228 21 
Lack of Fit Tests 
SUM OF MEAN F 
MODEL SQUARES DF SQUARE VALUE PROB > F 
Linear 11.08 12 0.92 2.903 0.1572 
Quadratic 1462 Z 0.81 2.539 0.1942 
Cubic 0.00 0 
PURE ERR az7 4 0.32 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT ADJ 
SOURCE TERMS DE MSE R-SQR R-SQR PRESS 
Linear 5 16 0.879 0.0964 -0.1295 25.883 
Quadratic LS 6 0.694 0.7888 0.2960 337.978 
Cubic ae 4 0.564 0.9069 0.5346 


Case(s) with leverage of 1.0000: PRESS statistic not defined. 


ANOVA for Quadratic Model 


SUM OF MEAN EF 
SOURCE SQUARES DE SQUARE VALUE PROB > F 
MODEL 1078 14 0.770 1.601 0.2918 
RESIDUAL 2.89 6 0.481 
Lack Of Fit Lg 62 2 0.808 22939 0.1942 
Pure Error Bea 4 O551%3 

COR TOTAL 13.67 20 
ROOT MSE 0.694 R-SQUARED 0.7888 
DEP MEAN Sol ADJ R-SQUARED 0.2960 

Cave 214996 

Predicted Residual Sum of Squares (PRESS) = 337.98 

INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE ESTIMATE DE ERROR COEFFICIENT=0 PROB > |t| 
Intercept 322995 cl 0.260 12200 
A yA BS if 0.411 2.754 020531 
B 0.660 cl ales ow 0.5123 0.6267 
C -9.496E-17 1 0.491 -1.94E-16 1.0000 
D -0.200 1 0.491 -0.4077 0.6976 
A2 -0.499 i: 0.412 “1.211 0.2715 
B2 0.263 i 0.703 0.3740 OC. 7243 
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Final Equation in Terms of Actual Factors: 


Obs 


Oxides 


+ 


l++i++tei st 


+ 


ACTUAL 
VALUE 
300 
e200 
.000 
. 100 
. 300 
. 600 
. 800 
900 
. 300 
.000 
~ 400 
2300 
. 600 
- 400 
~400 
. 900 
. 7/00 
900 


WWWWWNNMPRWNHWNHWNN KHL HE 


PrRmrPFowowo an oul 


PREDI 


118.026 
0.25761 
0.14476 
0.21609 

1.6866 


» I4Z2E-02 
.195E-04 
: 3S SUB-O05 
~U39n-03 
.714E-04 
<0355-04 
~439E-02 
.776E-05 
.800E-03 
s9ItIB=03 


CTED 


VALUE 


WWWWWWNHWNHWWRWNH PENN WHE 


sZi4 
.624 
ay ES 
i367 
.214 
2961 
eLol 
.637 
sel4 
.624 
“229 
888 
2896 
sZ250 
«938 
.488 
tZo0 
488 
~958 
peo 
2208 


Spray Dist 
Angle 
Current 
Pressure 
Spray Dist 
Angle 
Current%*2 
Pressure“2 


Angle 
Angle 


+e + FF F FF FF FF HF OF 


RESIDUAL 
0.086 
=0.524 
SOc oy 
02533 
0.086 
=O0.361 
=0..301 
=U e134 
0.086 
O23: /6 
0.145 
0.412 
=04208 
=O 8.90 
0.412 
0.412 
O.:445 
0.412 
=02.299 
-0.455 
=0%298 
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.400 
.379 
.940 
590) 
.067 
~461 
eto 
209) 


“2 
7 


Spray Dist * Angle 
Spray Dist * Current 
Spray Dist * Pressure 


035631 
Lud2? 


“6,9 /68=02 


0.2442 

0.4044 

-0.2820 
=O. 9669 
i 3 


* Current 
* Pressure 


Current * Pressure 


OOO 0000 0 


POOL. 
s2d2l 
- 9467 
.8152 
- 6999 
. 1874 
-9916 
.1106 
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Table A5. 1/8" 85/15 Statistical Analysis of Porosity 
Sequential Model Sum of Squares 
SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN 752.4 1 752.4 
Linear 102.4 4 25.3.6 Li223 0.0002 
Quadratic 34:29 10 30 13.64 0.0023 
Cubic d Vere 2 0.6 5.829 0.0653 
RESIDUAL 0.4 4 0.1 
TOTAL 891.2 21 
Lack of Fit Tests 
SUM OF MEAN F 
MODEL SQUARES DE SQUARE VALUE PROB > F 
Linear 36... TZ 36.0 30.63 0.0023 
Quadratic du. Z 0.6 Se2o 0.0653 
Cubic 0.0 0 
PURE ERR 0.4 4 Ocs2 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT ADJ 
SOURCE TERMS DF MSE R-SOR R-SQR PRESS 
Linear iS 16 1 Od 0.7374 0.6717 72.08 
Quadratic 1S 6 0.51 0.9889 0.9631 193,78 
Cubic Ly 4 0231 0.9972 0.9859 
Case(s) with leverage of 1.0000: PRESS statistic not defined. 
ANOVA for Quadratic Model 
SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MODEL ils gee 14 9.80 38.29 0.0001 
RESIDUAL Leo 6 0.26 
Lack Of Fit cae 2 0.57 Ie629 0.0653 
Pure Error 0.4 4 0.10 
COR TOTAL 136.0 20 
ROOT MSE O..5L R-SQUARED 0.9889 
DEP MEAN 5.99 ADJ R-SQUARED 0.9631 
Cav. 8.45% 
Predicted Residual Sum of Squares (PRESS) = 193.8 
INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE ESTIMATE DF ERROR COEFFICIENT=0 PROB > |t| 
Intercept 5%18 i O:.,19 21322 
A 2.45 1 0.30 Sie OL 0.0002 
B 4.08 i 0.94 4.347 0.0048 
C -0.05 il 0.36 =0',139°/ 0.8934 
D ~1.35 1 0.36 -3.773 0.0093 
A2 -0.99 1 0.30 -3.301 0.0164 
B2 | 34.50 1 oro ne 6.442 0.0007 
C2 0.70 1 O29 2.417 0.0524 
D2 Oe! ik O29 0.9867 0.3619 
AB =0..20 1 0.69 -0.4100 0.6960 
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Final Equation in Terms of Actual Factors: 


Porosity = 
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143.26 
030275 
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05,84513 
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9275-03 
~042E-05 
<1 208-03 
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ag 
78 
34 
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Spray Dist%*2 
we 


Spray Dist * Angle 
Spray Dist * Current 
Spray Dist * Pressure 


0.8842 
0.8205 
0.5361 
=24 91 
3.528 


* Current 
* Pressure 


Current * Pressure 


OoO0O0 Oo 


.4106 
~ 4433 
~6112 
~0471 
.0124 
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Table A6. 1/8" 85/15 Statistical Analysis of Roughness 


Sequential Model Sum of Squares 


SUM OF MEAN EF 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN S562 2.3 1 3562.3 
Linear 1250 4 S123 8.480 0.0007 
Quadratic co Waar 10 i Diet LIL 0.6942 
Cubic 7.9 2 4.0 0.8401 0.4959 
RESIDUAL 18.9 4 4.7 
TOTAL 3746.2 21 
Lack of Fit Tests 
SUM OF MEAN F 
MODEL SQUARES DE SQUARE VALUE PROB > F 
Linear 40.1 12 345 0.7058 0.7129 
Quadratic 129 2 4.0 0.8401 0.4959 
Cubic OS 9, 0 
PURE ERR 18.9 4 4.7 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT ADJ 
SOURCE TERMS DE MSE R-SOR R-SQR PRESS 
Linear 5 16 1:92 O'6795 0.5993 93.50 
Quadratic 15 6 Bede 0.8540 20232 1482.85 
Cubic 17 4 Zale] 0.8972 0.4859 


Case(s) with leverage of 1.0000: PRESS statistic not defined. 


ANOVA for Quadratic Model 


SUM OF MEAN BE 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MODEL ales yy gree § 14 PheZZ 24907 0.1324 
RESIDUAL 26.9 6 4.48 
Lack Of Fit fee 2 Seo) 0.8401 0.4959 
Pure Error 1339 4 4.73 
COR TOTAL 184.0 20 
ROOT MSE 2ek2Z R-SQUARED 0.8540 
DEP MEAN 13.02 ADJ R-SQUARED 0.-5 133 
C.V. 16.25% 
Predicted Residual Sum of Squares (PRESS) = 1482.9 
INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE ESTIMATE DF ERROR COEFFICIENT=0 PROB > |t| 
Intercept Leos 1 0.79 15.02 
A Za Fi 1 LeZ0 2.165 0.0735 
B 0.24 al 3.93 6.05E-02 0.9537 
C =0:209 il lee) @, -0.3676 0.7258 
D =L250 il 10 -0.8655 0.4200 
A2 pS 1 LiZe 1.065 Ou.SZ277 
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B2 bee 3 at 2.14 0.5487 0.6030 
C2 =0:62 1 Le22 -0.5068 0.6303 
D2 -0.44 i 1.16 =O. 3771 0.7192 
AB 5.0/ aq Zeot 1.941 0.1003 
AC 4.09 ih 3.01 1.3098 0.2232 
AD So gL 1 3%29 =LaZ0e 0.2749 
BC sees Be 1 1.41 0.8334 0.4365 
BD 223 1 2.18 1.023 0.3459 
CD -4.44 1 er ays S137 7 0.21795 


Final Equation in Terms of Actual Factors: 


Ra Rough. = 
=59 93 
- 0.93378 * Spray Dist 
= 2.3234 * Angle 
+ 0.31228 * Current 
+ 2.5771 * Pressure 
+ 0.14874 * Spray Dist%*2 
+ 2.325E-03 * Angle oe" 
= 6.176E-05 * Current%2 
= 4.357E-03 * Pressure%2 
+ 8.245E-02 * Spray Dist * Angle 
+ 1.363E-02 * Spray Dist * Current 
0.13032 * Spray Dist * Pressure 
+ 5.206E-04 * Angle * Current 
+ 9.912E-03 * Angle * Pressure 
= 4,441E-03 * Current * Pressure 
Obs ACTUAL PREDICTED 
Ord VALUE VALUE RES I DUAL 
1 Le e3o 16°99 0.40 
2 Td eZ 10.56 0.96 
3 se ae 12:60 =005 
4 LOL 8.91 Lezs 
fs) 16.46 16.06 0.40 
6 Lis 92 18.44 -0.49 
7 12.62 13.11 -0.49 
8 10.58 10363 “(05 
9 18371 138-451 0.40 
10 9.24 10.56 saa near 
Ld 10.80 Lie93 aol as ES 
12 16.12 15.98 0.14 
3 11.68 L2.87 “1.19 
14 10.09 11.93 -1.84 
15 16.30 16.16 0.14 
16 L200 1L=86 0.14 
17 13.94 sles rae 2.01 
18 10.90 10.76 0.14 
19 ats gre oi 8) L279 =1219 
20 14.86 11.293 2492 
21 9.01 10.20 -1.19 


Table A7. 


SUBC> residuals c22. 


The regression equation is 
CML = 0.505 - 0.00324 P - 0.0261 O ~ 0.0181 MH -0.000000 BS2 +0.000077 R2 
+0.000140 P2 + 0.00385 O02 +0.000196 MH2 - 21.5 1/BS + 0.386 1/R 


- 0.0055 1/0 - 0.0697 1/P2 


Predictor Coef 

Constant 0.5053 0 
P -0.003244 0.0 
O -0.02611 0. 
MH -0.018106 0.0 
BS2 -0.00000002 0.000 
R2 0.00007669 0.000 
P2 0.0001404 0.00 
O02 0.003854 0.0 
MH2 0.00019572 0.000 
1/BS -21.54 

1/R 0.3856 0 
1/0 -0.00549 0. 
1/P2 -0.06974 0. 


Stdev 
‘2254 
03971 
02460 
09295 
00001 
03761 
02510 
03114 
09894 
14.23 
- 1802 
04529 
03903 


Minitab Analysis for 1/8" 85/15 
MTB > regress c6 20 cl-c5 c7-c21; 


t-ratio 


2.17 
-0.82 
-1.06 
-1.95 
—2.93 

2.04 

0.56 

1.24 

1.98 
=—1s5L 

2.14 
-0.12 
-1.79 


p 
0.062 


0.438 
0.319 
0.087 
0.035 
0.076 
0.591 
0.251 
0.083 
0.168 
0.065 
0.907 
0.112 


s = 0.002278 R-sq = 80.0% R-sq(adj) = 49.9% 


Analysis of Variance 


SOURCE DF Ss MS F p 
Regression 12 0.000165832 0.000013819 2.66 0.086 
Error 8 0.000041514 0.000005189 
Total 20 0.000207347 
SOURCE DF SEQ SS 
P 1 0.000010337 
O 1 0.000006630 
MH 1 0.000008108 
BS2 1 Q0.000051745 
R2 1 0.000029333 
P2 1 0.000000070 
02 1 0.000000858 
MH2 1 0.000001807 
1/BS 1 0.000020489 
1/R 1 0.000019590 
1/0 1 0.000000300 
1/P2 1 0.000016566 
Unusual Observations 
Obs. P CML Fit Stdev.Fit Residual St.Resid 
2 1.9 0.034100 0.034119 0.002278 -0.000019 -0.43 X 
5 4.8 0.031500 0.031394 0.002267 0.000106 0.48 X 
10 1.4 0.034900 0.034924 0.002277 -0.000024 -0.46 X 
X denotes an obs. whose X value gives it large influence. 
RESIDUALS 
-0.0003676 -0.0000192 0.0011216 0.0011059 0.0001059 -0.0017612 
0.0008972 0.0024029 0.0025131 -0.0000238 -0.0003644 -0.0012089 
-0.0023830 -0.0000539 -0.0012098 0.0003776 -0.0009993 0.0011813 
-0.0019405 0.0022690 -0.0016429 
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Appendix B. Results for the 3/16" 85/15 Wire System 


Figures B1-B21: Photomicrographs B1-B21 
Figures B22-B27: Perturbation Plots 
Tables B1-B6: Design Expert Analysis 
Table B7: Minitab Analysis 
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PHOTO 1 AS THRESHOLDED AND ANALYZED FOR POROSITY - BEI 


Figure Bl. Photomicrograph of Coating BE1 (3/16" 85/15) 
B2 


PROTECH LAB CORP. 
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Figure B2. Photomicrograph of Coating BE2 (3/16" 85/15) 
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PROTECH LAB CORP. 
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PHOTO 1 AS THRESHOLDED AND ANALYZED FOR POROSITY & OXIDE CONTENT - BE3 


Figure B3. Photomicrograph of Coating BE3 (3/16" 85/15) 
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PROTECH LAB CORP. 
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PHOTO 1 AS THRESHOLDED AND ANALYZED FOR POROSITY & OXIDE CONTENT - BE4 


Figure B4. Photomicrograph of Coating BE4 (3/16" 85/15) 
B5 


PROTECH LAB CORP. 


Materials Testing Services 
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PHOTO 1 AS THRESHOLDED AND ANALYZED FOR POROSITY & OXIDE CONTENT - BES 


Figure B5. Photomicrograph of Coating BE5 (3/16" 85/15) 
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PHOTO 1 AS THRESHOLDED AND ANALYZED FOR POROSITY & OXIDE CONTENT - BE6 


Figure B6. Photomicrograph of Coating BE6 (3/16" 85/15) 
B7 





Figure B7. Photomicrograph of Coating BE7 (3/16" 85/15) 
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Figure B8. Photomicrograph of Coating BE8 (3/16" 85/15) 
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Figure B9. Photomicrograph of Coating BE9 (3/16" 85/15) 
B10 
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PHOTO 1 AS THRESHOLDED AND ANALYZED FOR POROSITY & OXI) CONTENT - BE10 


Figure B10. Photomicrograph of Coating BE10 (3/16" 85/15) 
Bll 
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PROTECH LAB CORP. 
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Figure B12. Photomicrograph of Coating BE12 (3/16" 85/15) 
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Figure B13. Photomicrograph of Coating BE13 (3/16" 85/15) 
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Figure B14. Photomicrograph of Coating BE14 (3/16" 85/15) 
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PHOTO 1 AS THRESHOLDED AND ANALYZED FOR POROSITY & OXIDE CONTENT - BE15 


Figure B15. Photomicrograph of Coating BE15 (3/16" 85/15) 
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~ PHOTO 1 AS THRESHOLDED AND ANALYZED FOR POROSITY & OXIDE CONTENT - BEI6 


Figure B16. Photomicrograph of Coating BE16 (3/16" 85/15) 
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Figure B17. Photomicrograph of Coating BE17 (3/16" 85/15) 
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Figure B18. Photomicrograph of Coating BE18 (3/16" 85/15) 
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Figure B19. Photomicrograph of Coating BE19 (3/16" 85/15) 
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Figure B20. Photomicrograph of Coating BE20 (3/16" 85/15) 
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Figure B21. Photomicrograph of Coating BE21 (3/16" 85/15) 
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Figures B22. Response Surface Plot of Bond Strength (BE coatings) 
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Model: 
Quadratic 


Response: 
CumMassLoss 


Coded variables: 
A = Spray Dist 

B = Angle 

C = Current 

D = Pressure 
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Figure B23. 
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Response Surface Plot of CML (BE coatings) 
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Model: 
Quadratic 


Response: 
Microhard 


Coded variables: 


A = Spray Dist 
B = Angle 

C = Current 

D = Pressure 
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DESIGN-EXPERT Analysis 
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Figure B24. Response Surface Plot of Microhardness (BE coatings) 
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Model: 
Quadratic 


Response: 
Oxides 


Coded variables: 


A = Spray Dist 
B = Angle 

C = Current 

D = Pressure 
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Figure B25. 
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Response Surface Plot of Oxide Content (BE coatings) 
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Model: 
Quadratic 


Response: 
Porosity 


Coded variables: 


A = Spray Dist 
B = Angle 

C = Current 

D = Pressure 
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Figure B26. 
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Response Surface Plot of Porosity (BE coatings) 
B27 


DESIGN-EXPERT Analysis 





Model: 
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Response: 14.87+- 
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Figure B27. Response Surface Plot of Roughness (BE coatings) 
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Table Bl. 3/16" 85/15 Statistical Analysis of Bond Strength 


Sequential Model Sum of Squares 


SUM OF MEAN EF 
SOURCE SQUARES DE SQUARE VALUE 
MEAN 32530608.0 1 32530608.0 
Linear 68927.5 4 17231.9 1.865 
Quadratic 108281.1 10 10828.1 1.643 
Cubic 7825.2 2 3912.6 0.4933 
RESIDUAL SLIZS<6Z 4 7930.8 
TOTAL 32747365.0 21 
Lack of Fit Tests 
SUM OF MEAN E 
MODEL SQUARES DE SQUARE VALUE 
Linear 1161065:2 12 9675.5 1.220 
Quadratic 182052 2 391256 0.4933 
Cubic 0.0 0 
PURE ERR 3172342 4 7930.8 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT ADJ 
SOURCE TERMS DE MSE R-SQR R-SQR 
Linear 5 16 96.41 0.3180 0.1475 
Quadratic LS 6 Siz 0.8175 0.3918 
Cubic 17 4 89.1 0.8536 0.2682 
Case(s) with leverage of 1.0000: PRESS statistic not defined. 
ANOVA for Quadratic Model 
SUM OF MEAN im 
SOURCE SQUARES DF SQUARE VALUE 
MODEL 177208.5 14 12657.8 12920 
RESIDUAL 39548.4 6 6591.4 
Lack Of Fit TOZ922 2 3912.6 0.4933 
Pure Error 3172343 4 7930.8 
COR TOTAL 216757.0 20 
ROOT MSE oh er R-SQUARED 0.8175 
DEP MEAN 1244.6 ADJ R-SQUARED 0.3918 
eve 6.52% 
Predicted Residual Sum of Squares (PRESS) = 1675807.5 
INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE ESTIMATE DF BK RROR COEFFICIENT=0 
Intercept LL8sie6 1 30.5 38.83 
A -52.8 al 48.1 “1.098 
B = 190 5 1 1O0sat -0.999 
C 97.0 1 57.4 1.690 
D zouk Ces: ik 57.4 -0.1829 
A2 68.7 1 48.2 1.424 
B2 -84.3 1 S23 -1.024 
C2 30.9 1 46.8 0.6604 
D2 45.7 1 24.3 nea Ce 
AB 19.2 1 110.0 0.1745 
AC 33,0 1 L155 0.2856 


PROB > F 


0 
0 
0 


- 1659 
- 2808 
6434 


PROB > F 


0 
0 


» 4630 
. 6434 


PRESS 


266910.0 
1675807.5 


PROB > F 


0 


0 


-2166 


6434 


PROB > |t| 


OOo QO 0 00 000 


s3L43 
- 3565 
~1421 
8609 
~2042 
~ 3454 
29339 
~3422 
.8672 
. 7/848 


AD 
BC 
BD 
cD 


Final Equation in 
BE Bond Str 


Obs 


+ + 


P+ttl treet + 


ACTUAL 
VALUE 


13.32% 


0 


1294.0 


1315: 
1406. 
1437. 
1376. 
1223. 
1080. 
L141. 
i Hoye 
L162: 
223% 
1225 
1049. 
Livi: 
1141. 
i Eg Boa 
i eho 
ZED « 
1294. 
L192. 


ooooooo0o0o0o°0c0 70 0 0e0 00 000 
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= LOB a al 124.9 -0.8656 
LOOT 1 53.9 2.961 
-78.6 1 O37 -0.9390 
-60.4 1 123.64 ~0.4886 

Terms of Actual Factors: 
L393 
141.28 * Spray Dist 
30.793 * Angle 
2.9233: * Current 
7.4540 * Pressure 
7.6309 * Spray Dist%*2 
0.16646 * Angle “2 
3.088E-03 * Current%*2 
0.45708 * Pressure%*2 
0.28454 * Spray Dist * Angle 
0.10999 * Spray Dist * Current 
3.6035 * Spray Dist * Pressure 
7.096E-02 * Angle * Current 
0.34916 * Angle * Pressure 
6.045E-02 * Current * Pressure 
PREDICTED 
VALUE RES I DUAL 
1326.1 8.9 
1305.0 =11.4.0 
£3229 -7.9 
1363:°35 42.5 
1428.1 8.9 
1400.6 ~24.6 
1247.6 -24.6 
1087.9 ait ee, 
1132.1 8.9 
1305.0 10.0 
1183.6 =Z 10 
1199.4 2536 
1249.8 -26.8 
P1863 46 -134.6 
1147.4 25.6 
1117.4 23.6 
Lis 6 28.4 
1311.4 23.6 
1239.8 =26u0 
1183.6 110.4 
1218.8 -26.8 


Pagso2 


0.4200 
0.0253 
0.3840 
0.6425 


Table B2. 


Sequential Model 


Sum of Squares 


zarmbeCM 
3/16" 85/15 Statistical Analysis of Cumulative Mass Loss 


SUM OF MEAN EF 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN 0.0192860 1 0.0192860 
Linear 0.0005672 4 0.0001418 15.62 0.0001 
Quadratic 0.0001016 10 0.0000102 1.395 0.3546 
Cubic 0.0000046 2 0.0000023 0.2358 0.8002 
RESIDUAL 0.0000391 4 0.0000098 
TOTAL 0.0199984 21 
Lack of Fit Tests 
SUM OF MEAN F 
MODEL SQUARES DE SQUARE VALUE PROB > F 
Linear 0.0001062 12 0.0000088 0.9056 0.6012 
Quadratic 0.0000046 Z 0.0000023 0523598 0.8002 
Cubic 0.0000000 0 
PURE ERR 0.0000391 4 0.0000098 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT ADJ 
SOURCE TERMS DF MSE R-SQOR R-SQOR PRESS 
Linear 5 16 0.00301 0.7961 0.7451 0.00029 
Quadratic 15 6 0.00270 0.9387 0.7956 0.00090 
Cubic 1 4 0.00313 0.9451 0.7257 
Case(s) with leverage of 1.0000: PRESS statistic not defined. 
ANOVA for Quadratic Model 
SUM OF MEAN Fr 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MODEL 0.0006687 14 0.00005 6.560 0.0146 
RESIDUAL 0.0000437 6 0.00001 
Lack Of Fit 0.0000046 2 0.00000 0.2358 02.8002 
Pure Error 0.0000391 4 0.00001 
COR TOTAL 0.0007124 20 
ROOT MSE 0.00270 R-SQUARED 0.9387 
DEP MEAN 0.03030 ADJ R-SQUARED 0.7956 
Civ: 8.90% 
Predicted Residual Sum of Squares (PRESS) = 0.0008967 
INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE ESTIMATE DE ERROR COEFFICIENT=0 PROB > |[{t| 
Intercept 0.03291 I) 0.00101 32.48 
A 0.00260 al 0.00160 1.628 0.1546 
B 0.00391 1 0.00501 0.7803 0.4649 
C 0.00065 ak 0.00191 0.3407 0.7450 
D 0.00075 il 0.00191 O3393 1 0.7079 
A2 -0.00024 1 0.00160 -0.1524 0.8838 
B2 -0.00091 1 0.00274 -0.3316 0.7515 
CZ 0.00061 1 0.00155 0.3913 0.7091 
D2 0.00094 1 0.00147 0.6353 0.5487 
AB -0.00251 d. 0.00366 -0.6854 0.5187 
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Final Equation in Terms of Actual Factors: 


Obs 


CumMassLoss 


cCooooo0ocecce°0cc°Cco0 090 0ce 0ce0 co 0 C00 


fa seed 


t++t+i 


ACTUAL 


VALUE 


.03290 
.02850 
.01260 
.02540 
.02900 
~02240 
.03140 
205920 
,03120 
.03190 
.03120 
03520 
202900 
.03630 
.02140 
.03280 
.03390 
.03410 
.03400 
.02860 
203590 


MRR WOWODHFNA &~IT HN 


0.47347 


,5620=03 
-420E-04 
.681E-04 
~247E-03 
.714E-05 
-191LE=-06 
.O81E-08 
. 360E-06 
« JI4E-05 
.481E-06 
.458E-04 
»405E-07 
iI298-09 
.047E-06 


PREDICTED 


cooooo0oeo0ooc*#eooodododooocoooo0°ceo 
© 


.00384 
.00415 
.00179 
.00278 
~00411 


Spray Dist 


Angle 
Current 


Pressure 


Spray Dist%*2 


Angle 


Current’ 


~“ 
2 


Pressure’*2 


Spray Dist * Angle 


-0.7407 
1.054 
0.1764 
L232 
1.228 


Spray Dist * Current 

Spray Dist * Pressure 
* Current 
* Pressure 


Angle 
Angle 


Current * Pressure 


RES IDUAL 


-0 


=U, 
0. 
0 
=U 
Oe 
0. 
QO. 
=i) 
0% 
=O). 
=O, 
Oss 
0. 
=O. 
is 
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mi 


0 


0-6 
OF 


.00030 
00156 
00002 
00095 
00030 
00035 
00035 
00002 
00030 
00184 
00171 
00006 
00091 
00339 
00006 
00006 
.00099 
00006 
~00091 
00431 
00091 
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£3326 
.8658 
- 2639 
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Table B3. 3/16" 85/15 Statistical Analysis of Microhardness 
Sequential Model Sum of Squares 
SUM OF MEAN EF 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN 46652.6 1 46652.6 
Linear 123.8 4 Pe 8. 2.138 0.1232 
Quadratic 201.9 10 Z0 62 4,069 0.0497 
Cubic 20.4 2 10.2 4.325 0.1000 
RESIDUAL 9.4 4 2.4 
TOTAL 47008.1 21 
Lack of Fit Tests 
SUM OF MEAN EF 
MODEL SQUARES DF SQUARE VALUE PROB > F 
Linear 22230 12 Le:.5 7.870 0.0303 
Quadratic 20.4 2 10.2 4.325 0.1000 
Cubic 0.0 0 
PURE ERR 9.4 4 2.4 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT ADJ 
SOURCE TERMS DF MSE R-SQR R-SQR PRESS 
Linear 5 16 3.61 0.3483 0.1854 449,53 
Quadratic 15 6 2.22 0.9163 0.7208 3496.15 
Cubic ay 4 oS 0.9735 0.8676 
Case(s) with leverage of 1.0000: PRESS statistic not defined. 
ANOVA for Quadratic Model 
SUM OF MEAN EF 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MODEL 32543 14 Loeed 4.689 0.0336 
RESIDUAL 29.8 6 4.96 
Lack Of Fit 20:4 2 LO 2138 4.325 0.1000 
Pure Error 9.4 4 2239 
COR TOTAL 350%9 20 
ROOT MSE a R-SQUARED 0.9163 
DEP MEAN 47.13 ADJ R-SQUARED 0.7208 
CoN 4.73% 
Predicted Residual Sum of Squares (PRESS) = 3496.1 
INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE ESTIMATE DE ERROR COEFFICIENT=0 PROB > |t]| 
Intercept 47.00 uD 0.84 56.20 
A 6.61 1 Te3Z 2201S 0.0024 
B -0.86 i 4.13 -0.2072 0.8427 
C =O... 05 1 1458 -3.17E-02 0.9757 
D 4,25 1 1.58 2.698 O:-0357 
A2 2a 1 Loe -1.792 0.1232 


E38 + 


QO. 
oa 
Ag 
11. 
6. 
=6 
aa 
Di 
=O 


b> be be pt pt bp pS pS 


zarmbeMI 


WHOrWWWRE N 
oe 
~] 


Final Equation in Terms of Actual Factors: 


Microhard = 


++i tetetei + 


+ 


ACTUAL 


2525) 
6.4399 
oy FOOL 

0.23349 
3.6464 
0.26347 


~I96E-04 
.093E-04 
2611 BR=02 


Ore a Ae 


~208E-02 


0.23176 


.002E-04 
-291E-02 
.072E-03 


PREDICTED 


Spray Dist 
Angle 

Current 
Pressure 
spray Dist“Z 
Angle OZ 
Current’%2 


Spray Dist * Angle 


0.1694 
1.632 
-1.324 
32963 
2.090 
=22029 
al bat I 
4.205 
~1.494 


Spray Dist * Current 
Spray Dist * Pressure 


Angle 
Angle 


* 
* 
* 
* 
* 
* 
* 
* Pressure“2 
* 
* 
* 
* 
* 
* Current * Pressure 


RESIDUAL 
0.25 
0.19 
0.48 

9 ea 
0.25 
O42 
O4:72 
0.48 
0225 

=0.91 
1490 

-1.44 

-0.74 
3.00 

-1.44 

-1.44 
1¢-0 

=1:..44 
=O4.16 

OO 

=0).. 74 
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* Current 
* Pressure 
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.8711 
-Lo39 
- 2336 
.0074 
-0816 
.0888 
-2694 
~0057 
-1857 
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Table B4. 3/16" 85/15 Statistical Analysis of Oxide Content 


Sequential Model Sum of Squares 


SUM OF MEAN EF 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN 194.44 1 194.44 
Linear 6.08 4 i es 4.451 0131 
Quadratic 4.40 10 0.44 2.475 0.1398 
Cubic 0.80 2 0.40 5.976 0.0629 
RESIDUAL 0.27 4 0.07 
TOTAL 205.99 Z21 
Lack of Fit Tests 
SUM OF MEAN E 
MODEL SQUARES DF SQUARE VALUE PROB > F 
Linear 5.20 12 0.43 6.479 0.0427 
Quadratic 0.80 2 0.40 5.976 0.0629 
Cubic 0.00 0 
PURE ERR 0.27 4 0.07 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT ADJ 
SOURCE TERMS DF MSE R-SQOR R-SOR PRESS 
Linear 5 16 0.585 0.5267 0.4084 8.944 
Quadratic 15 6 0.422 0.9076 0.6922 161.788 
Cubic 17 4 0.259 0.9768 0.8842 


Case(s) with leverage of 1.0000: PRESS statistic not defined. 


ANOVA for Quadratic Model 


SUM OF MEAN EF 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MODEL 10.48 14 0.749 Ss2i12 0.0433 
RESIDUAL 1.07 6 0.178 
Lack Of Fit 0.80 2 0.400 5.976 0.0629 
Pure Error On27 4 0.067 
COR TOTAL 12.05 20 
ROOT MSE 0.422 R~SQUARED 0.9076 
DEP MEAN 3.043 ADJ R-SQUARED 0.6922 
oa’ 13.86% 
Predicted Residual Sum of Squares (PRESS) = 161.79 
INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE ESTIMATE DF ERROR COEFFICIENT=0 PROB > |t| 
Intercept ae 1 0.158 20.91 
A 0.811 i 0.250 3.247 0.0175 
B 1.619 it 0.782 2.069 0.0840 
C =O: L950 dl. 0.298 =0.,59031 0.6328 
D =0 100 ul 0.298 -0.3354 0.7488 
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A2 -0.880 1 0.250 340 Lo 0.0126 
B2 0.967 1 0.427 2.263 0.0643 
C2 -0.019 1 0.243 -7.84E-02 0.9400 
DZ: 0.348 al 0.230 1s 04.1812 
AB -0.754 a O.972 -1.319 U.2351 
AC -0.666 1 0.600 -1.109 0.3098 
AD 1.543 1: 0.649 2.378 0.0549 
BC -0.088 1 0.280 =0:3135 0.7647 
BD -0.434 1 0.435 -0.998 0.3567 
CD ne er a us 0.643 2.289 0.0620 
Final Equation in Terms of Actual Factors: 
Oxides = 
1012153 
- 1.3292 * Spray Dist 
+ 3.501E-02 * Angle 
- 0.12378 * Current 
- 1.5104 * Pressure 
- 9,780E-02 * Spray Dist%*2 
+ 1.911E-03 * Angle "2 
= 1<900E-06* ‘Current 2 
+ 3.482E-03 * Pressure’%2 
- 1.117E-02 * Spray Dist * Angle 
= 2.218E-03 * Spray Dist * Current 
+ 5.142E-02 * Spray Dist * Pressure 
- 3.900E-05 * Angle * Current 
= i; 928E-03 * Angle * Pressure 
+ 1.471E-03 * Current * Pressure 
Obs ACTUAL PREDICTED 
Ord VALUE VALUE RESIDUAL 
1 2.600 2.565 0035 
2 1.600 1569 0.035 
3 25000 2.404 -0.104 
4 3.600 34.201 C2313 
i. 2.100 22065 0.035 
6 3.600 3.843 -0.243 
7 24300 2.043 =0.243 
8 4.200 4.304 -0.104 
9 3.400 34965 0.035 
10 1.600 1.565 0035 
11 3.200 S201 =O05:097 
12 3.500 32:19 0.312 
13 2.500 2.605 -0.105 
14 2%100 33.201 a JOO 7 
iS 4.200 3.896 0.312 
16 3.700 3.383 0.312 
i 7 3.000 BZ =0 257 
18 3.400 3.088 0.312 
19 3.600 S705 =0.105 
20 3.400 Cas Fi 0.143 
21 3.400 3005 0.605 
a 
Page 2 
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Table B5. 3/16" 85/15 Statistical Analysis of Porosity 


Sequential Model Sum of Squares 


SUM OF MEAN FE 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN 1182.8 a 1182.8 
Linear 407.6 4 101.9 14.00 0.0001 
Quadratic 95.2 10 9.5 2.690 0.1191 
Cubic 9.5 2 4.8 1.624 0.3045 
RESIDUAL ene 4 2.9 
TOTAL 1706.8 21 
Lack of Fit Tests 
SUM OF MEAN FE 
MODEL SQUARES DEF SQUARE VALUE PROB > F 
Linear 104.7 12 8.7 2.979 0.1513 
Quadratic 9.5 2 4.8 1.624 0.3045 
Cubic 0.0 0 
PURE ERR 11.7 4 2.9 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT ADJ 
SOURCE TERMS DF MSE R-SOR R-SOR PRESS 
Linear 5 16 2.70 0.7778 0.7223 323.29 
Quadratic 15 6 1.88 0.9595 0.8649 1735.84 
Cubic 17 4 Led 0.9776 0.8882 


Case(s) with leverage of 1.0000: PRESS statistic not defined. 


ANOVA for Quadratic Model 


SUM OF MEAN F 
SOURCE SQUARES DE SQUARE VALUE PROB > F 
MODEL 502.9 14 35.92 LOetS 0.0046 
RESIDUAL Zi eZ 6 3.54 
Lack Of Fit 9.5 2 4.76 1.624 0.3045 
Pure Error i gok 4 2.93 
COR TOTAL 524.1 20 
ROOT MSE 1.88 R-SQUARED 0.9595 
DEP MEAN Te50 ADJ R-SQUARED 0.8649 
C.V. 252073 
Predicted Residual Sum of Squares (PRESS) = 1735.8 
INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE ESTIMATE DF ERROR COEFFICIENT=0 PROB > jt| 
Intercept 4.88 ill 0.71 6.906 
A 3.82 all fire 3.432 0.0139 
B -1.03 1 3.49 -0.2959 Os 77713 
C -0.80 1 i ress -0.6013 0.5696 
D 0.50 1 L233 0.3758 0.7200 
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Final Equation in Terms of Actual Factors: 


Porosity = 


+ 


t+itt+eeit 


+ + 


ACTUAL 


PWW POON vn~1 OOF 


NM WW O1OTW © WO W WO 


29.10 
3.6569 
62 £2 

0.25620 
1.0078 


. 608E-02 
aL 9-03 
.894E-05 
.361E-03 
-SILE-“O2 
.614E-03 
-162E-02 
.929E-04 
» /18E-03 
~oL2ReU3 


PREDICTED 


2 


a 
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bez 
0.84 
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Spray Dist * Angle 
Spray Dist * Current 
Spray Dist * Pressure 
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RESIDUAL 


0.08 
=O) ade 
0.36 
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we 
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~ tI 39 
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6353 
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Table B6. 3/16" 85/15 Statistical Analysis of Roughness 
Sequential Model Sum of Squares 
SUM OF MEAN EF 
SOURCE SQUARES DE SQUARE VALUE PROB > F 
MEAN 4674.1 i 4674.1 
Linear 361.6 4 90.4 13.49 0.0001 
Quadratic 87.0 10 8.7 2.5835 0.1286 
Cubic 8.2 2 4.1 1.375 0.3511 
RESIDUAL 12.0 4 Se 
TOTAL 5143.0 21 
Lack of Fit Tests 
SUM OF MEAN EF 
MODEL SQUARES DF SQUARE VALUE PROB > F 
Linear 95.2 12 139 2.653 0.1792 
Quadratic Cia Z 4.1 1.375 0239.14 
Cubic 0.0 0 
PURE ERR 12.0 4 34.0 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT ADJ 
SOURCE TERMS DE MSE R-SQR R-SQR PRESS 
Linear 5 16 Zao0 O97 113 0.7142 298.93 
Quadratic 5 6 1.83 0.9569 0.8564 1452.44 
Cubic 17 4 213 0.9745 0.8724 
Case(s) with leverage of 1.0000: PRESS statistic not defined. 
ANOVA for Quadratic Model 
SUM OF MEAN F 
SOURCE SQUARES DEF SQUARE VALUE PROB > F 
MODEL 448.6 14 32.04 9.523 0.0055 
RESIDUAL Z0 G2 6 S457 
Lack Of Fit 8.2 2 4.11 13/5 O:, 39141 
Pure Error LZ.o0 4 2299 
COR TOTAL 468.8 20 
ROOT MSE Leos R-SQUARED 0.9569 
DEP MEAN 14.92 ADJ R-SQUARED 0.8564 
Cis 12.30% 
Predicted Residual Sum of Squares (PRESS) = 1452.4 
INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE BOTIMATE DFE ERROR COEFFICIENT=0 PROB > |t| 
Intercept Lis80 1 0.69 Ly <i3 
A 3.05 al 1.09 2.807 0.0309 
B -0.97 il 3.40 -0.2857 0.7847 
C 0.06 i 13:30 4.63E-02 0.9646 
D -1.99 1 alae 10) -1.534 0.1759 
A2 0215 1 1.09 0.1382 0.8946 
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B2 1.64 1 1.86 0.8840 0.4107 
C2 1a73 1 1.06 fe os 0.1486 
D2 0.72 1 1.00 037153 0.5013 
AB -1.46 1 2.49 -0.5853 0.5797 
AC -4.82 1 261 -1.847 0.1143 
AD 2.16 ab 2282 0.7643 0.4736 
BC 0.46 al 1.22 0.3776 0.7188 
BD 2404 1 1.89 -1.081 0.3212 
CD D262 1 2.80 2.012 0.0909 
Final Equation in Terms of Actual Factors: 
Ra Rough. = 
26902 
+ 1.0914 * Spray Dist 
+ 0.40303 * Angle 
= 0.55800 * Current 
= 3.4295 * Pressure 
+ 1.673E-02 * Spray Dist%*2 
+ 3.247E-03 * Angle ay. 
+ 1.750E-04 * Current%*2 
+ 7.164E-03 * Pressure%2 
- 2.156E-02 * Spray Dist * Angle 
- 1;.607E-O02 * Spray Dist. * Current 
+ 7,189E-02 * Spray Dist * Pressure 
+ 2.045E-04 * Angle * Current 
- 9.083E-03 * Angle * Pressure 
+ 5.623E-03 * Current * Pressure 
Obs ACTUAL PREDICTED 
Ord VALUE VALUE RESIDUAL 
1 15.96 15.83 0.13 
2 8.80 8.90 -0.10 
2 26.82 26290 0.32 
4 14.93 155.19 =O26 
3) 10.82 10.69 0.13 
6 23.44 22.93 OS 
d 16:51:11. 15.60 O51 
8 17.09 16a 77 0.32 
9 23.02 22.89 Ons 
10 8.56 8.90 -0.34 
a Bel 15.26 11.80 3.46 
12 14.05 15.00 -0.95 
13 14.04 14.42 ~0.38 
14 12.0 11.80 0.21 
1S 19.37 20532 -0.95 
16 12.54 13.49 -0.95 
17 10,51. 11.80 -1.29 
18 12.66 13361 -0.95 
19 14.13 14.51 =0 4.38 
20 13:03 fie ee 18) Lees 
Z1 10215 10.93 =0..38 
C] 
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Table B7. Minitab Analysis for 3/16" 85/15 
MTB > REGRESS C6 20 C1-C5 C7-C21; 
SUBC> RESIDUALS C22. 


The regression equation is 

CML = 0.216 +0.000077 BS - 0.00767 P + 0.0628 O - 0.0160 MH -0.000000 BS2 
+0.000053 R2 +0.000120 P2 - 0.00666 O2 +0.000187 MH2 + 0.026 1/R 
- 0.210 1/P + 0.165 1/0 + 0.192 1/P2 


Predictor Coef Stdev t-ratio p 

Constant 0.2163 0.3765 0.57 0.584 

BS 0.0000774 0.0002573 0.30 0.772 

Pp -0.007671 0.005119 -1.50 0.178 

0 0.06284 0.08476 0.74 0.483 

MH -0.015996 0.009589 -1.67 0.139 

BS2 -0.00000004 0.00000011 ~0.41 0.693 

R2 0.00005309 0.00005388 0.99 0.357 

P2 0.0001204 0.0001332 0.90 0.396 

02 -0.006655 0.009484 -0.70 0.506 

MH2 0.0001869 0.0001070 1.75 0.124 

1/R 0.0264 0.2268 0.12 0.911 

1/P -0.2102 0.1642 -1.28 0.241 

1/0 0.1648 0.2319 0.71 0.500 

1/P2 0.1918 0.1554 1.23 0.257 

s = 0.003563 R-sq = 87.5% R-sq(adj) = 64.4% 

Analysis of Variance 

SOURCE DF SS MS F p 
Regression 13 0.00062354 0.00004796 3.78 0.043 
Error 7 0.00008887 0.00001270 

Total 20 0.00071241 

SOURCE DF SEQ SS 

BS 1 0.00015572 

P 1 0.00031993 

0 1 0.00000822 

MH 1 0.00004041 

BS2 1 0.00000014 

R2 1 0.00000106 

P2 1 0.00002357 

02 1 0.00000048 

MH2 1 0.00005106 

1/R 1 0.00000048 

1/P 1 0.00000225 

1/0 1 0.00000088 

1/P2 1 0.00001933 

Unusual Observations 

Obs. BS CML Fit Stdev.Fit Residual St.Resid 
8 1080 0.039100 0.034489 0.002904 0.004611 2.23R 

R denotes an obs. with a large st. resid. 

RESIDUALS 

-~0.0015077 0.0001888 ~-0.0000111 -0.0004910 0.0000373 -0.0005372 
-~0.0000818 0.0046106 0.0017439 -0.0002158 -0.0023201 0.0027150 
0.0021424 -0.0015183 -0.0040734 -0.0035661 0.0010872 0.0030305 
0.0005100 -0.0014081 -0.0003350 
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Appendix C. Results for the 1/8" Aluminum Wire System 


Figures C1-C21: Photomicrographs C1-C21 
Figures C22-C27: Perturbation Plots 
Tables C1-C6: Design Expert Analysis 
Table C7: Minitab Analysis 
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PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-AI1 


Figure Cl. Photomicrograph of Coating Al (1/8" aluminum) 
Cz 
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PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-A2 


Figure C2. Photomicrograph of Coating A2 (1/8" aluminum) 
C3 
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PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-A3 
Figure C3. Photomicrograph of Coating A3 (1/8" aluminum) 
c4 
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PHOTO 1 TAKEN AT 200X 





PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-A4 
Figure C4. Photomicrograph of Coating A4 (1/8" aluminum) 
c5 
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. é & OXIDE CONTENT-A5 
Figure C5. Photomicrograph of Coating A5 (1/8" aluminum) 
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PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-A6 
Figure C6. Photomicrograph of Coating A6 (1/8" aluminum) 
C7 
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PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-A7 
Figure C7. Photomicrograph of Coating A7 (1/8" aluminum) 
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PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-A8 


Figure C8. Photomicrograph of Coating A8 (1/8" aluminum) 
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PHOTO ] THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-A9 


Figure C9. Photomicrograph of Coating A9 (1/8" aluminum) 
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PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-A10 


Figure C10. Photomicrograph of Coating A1l0O (1/8" aluminum) 
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PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-AII1 


Figure Cll. Photomicrograph of Coating All (1/8" aluminum) 
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PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-A12 


Figure C12. Photomicrograph of Coating Al2 (1/8" aluminum) 
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PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-AI3 


Figure C13. Photomicrograph of Coating Al13 (1/8" aluminum) 
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PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-A14 


Figure C14. Photomicrograph of Coating Al4 (1/8" aluminum) 
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PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-A15 


Figure C15. Photomicrograph of Coating A15 (1/8" aluminum) 
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PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-A16 


Figure C16. Photomicrograph of Coating Al6 (1/8" aluminum) 
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PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-AI7 


Figure C17. Photomicrograph of Coating A17 (1/8" aluminum) 
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PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-AI8 


Figure C18. Photomicrograph of Coating Als (1/8" aluminum) 
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PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-A19 


Figure C19. Photomicrograph of Coating A19 (1/8" aluminum) 
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PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-A20 





Figure C20. Photomicrograph of Coating A20 (1/8" aluminum) 
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PHOTO 1 THRESHOLDED & ALYZED FOR POROSITY & OXIDE CONTENT-A21 


Figure C21. Photomicrograph of Coating A21 (1/8" aluminum) 
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DESIGN-EXPERT Analysis 





Model: 
Quadratic 
Response: 2304-+- 
A Bond Str 
Coded variables: 9994. 
A = Spray Dist 
B = Angle 
C = Current 2144+. 
D = Pressure = 
5 2065+ 
<<, 
1985- 
1906-+- 
1826+- 
-1.000 -0.667 -0.333 0.000 0.333 0.667 1.000 
68/03/06 11:10:43 Factor Range 


Figure C22. Bond Strength Parameter Plot for 1/8" Al Coatings 
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Model: DESIGN-EXPERT Analysis 
Quadratic 





Response: 24.86+- 
Ra Rough. 
Coded variables: 94 56+. 
A = Spray Dist si 
B = Angle 
C = Current 48.25+ 
D = Pressure = 
3 14.95 
oan 
o 
11.64+ 
8.344 
5.04-+- 
-1.000 -0.667 -0.333 0.000 0.333 0.667 1.000 
Oa/09/06 11:14:38 Factor Range 


Figure C23. Roughness Parameter Plot for 1/8" Al Coatings 
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Model: DESIGN-EXPERT Analysis 
Quadratic 





Response: 13.91 +- 
Porosity 
Coded variables: I. 
A = Spray Dist oe 
B = Angle 
C = Current 4.21+ 
D = Pressure Fas 
© -0.64+ 
o 
-5.48+- 
-10.33+ 
-15.18-+- 
-1.000 -0.667 -0.333 0.000 0.333 0.667 1.000 
O8/0s/a8 11:12:95 Factor Range 


Figure C24. Porosity Parameter Plot for 1/8" Al Coatings 
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DESIGN-EXPERT Analysis 





Model: 
Quadratic 
Response: §.623-+ 
Oxides 
Coded variables: 746 -+- 
A = Spray Dist au 
B = Angle 
C = Current 4.869-- 
D = Pressure s 
S 3.9921 
© 
3.115- 
2.238+- 
1.360+- 
-1.000 -0.667 -0.333 0.000 0.333 0.667 1.000 
$a/09/e68 11:13:92 Factor Range 


Figure C25. Oxides Parameter Plot for 1/8" Al Coatings 
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Model: DESIGN-EXPERT Analysis 
Quadratic 





Response: §6.37+- 
Microhard 
Coded variables: al 
A = Spray Dist ie 
B = Angle 
C = Current 53.33-+ 
D = Pressure ~~ 
bes] 
© 51.80+- 
2 
50.28+- 
48.75+- 
47 .23+- 
-1.000 -0.667 -0.3339 0.000 0.333 0.667 1.000 
a Oslee 11:14:23 Factor Range 


Figure C26. Hardness Parameter Plot for 1/8" Al Coatings 
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DESIGN-EXPERT Analysis 


Model: 
Quadratic 


Response: 
CumMassLoss 


Coded variables: 
A = Spray Dist 





B = Angle 
C = Current 
D = Pressure EE 

3 

a 

= 

o 

-1.000 -0.667 -0.333 0.000 0.333 0.667 1.000 

60/01/06 10:45:18 Factor Range 


Figure C27. CML Parameter Plot for 1/8" Al Coatings 
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Table Cl. 


Sequential Model Sum of Squares 


SOURCE 


MEAN 
Linear 
Quadratic 
Cubic 
RESIDUAL 
TOTAL 


SUM OF 
SQUARES 


74512202.3 
425682.7 
141475.4 

18523.6 
54821.0 
75152705.0 


Lack of Fit Tests 


MODEL 


Linear 
Quadratic 
Cubic 
PURE ERR 


SUM OF 
SQUARES 


159999.0 
18523.6 
0.0 
54821.0 


DF 


& ON 


ANOVA Summary Statistics of Models Fit 


SOURCE 


Linear 
Quadratic 
Cubic 


UNALIASED RESID 


TERMS 


5 
15 
17 


DF 


16 
6 
4 


Case(s) with leverage of 1.0000: 


SOURCE 


MODEL 
RESIDUAL 


Lack Of Fit 
Pure Error 


COR TOTAL 


ROOT MSE 
DEP MEAN 
C.V. 


SUM OF 
SQUARES 


567158.1 
73344.6 


18523.6 
54821.0 


640502.7 


110.6 
1883.7 


5.87% 


DF 


14 
6 
2 
A 

20 


Predicted Residual Sum of Squares 


INDEPENDENT 


VARIABLE 


Intercept 


A 
B 
Cc 


COEFFICIENT 
ESTIMATE 


2014.5 
~70.2 
228.9 


168.0 


DF 


1/8" Aluminum Statistical Analysis of Bond Strength 


MEAN F 
SQUARE VALUE PROB > F 
74512202.3 
106420.7 7.926 0.0010 
14147.5 1.157 0.4480 
9261.8 0.6758 0.5587 
13705.2 
MEAN F 
SQUARE VALUE PROB > F 
133332 0.9729 0.5679 
9261.8 0.6758 0.5587 
13705.2 
ROOT ADJ 
MSE R-SQR R-SQR PRESS 
115.9 0.6646 0.5808  471251.8 
110.6 0.8855 0.6183 3236782.9 
117.1 0.9144 0.5720 
PRESS statistic not defined. 
ANOVA for Quadratic Model 
MEAN F 
SQUARE VALUE PROB > F 
40511.3 3.314 0.0743 
12224.1 
9261.8 0.6758 0.5587 
13705.3 
R-SQUARED 0.8855 
ADJ R-SQUARED 0.6183 
(PRESS) = 3236782.9 
STANDARD t FOR HO 
ERROR COEFFICIENT=0 PROB > |t| 
£155 48.53 
65.5 -1.071 0.3252 
205.2 1.115 0.3073 
C29 78.2 2.149 0.0752 


a le 


C30 


D2 -41.6 1 60.4 -0.6885 0.5169 
AB 52a3 1 149.9 0.3487 0.7392 
AC 91.6 1 157.3 0.5822 0.5817 
AD 37.1 1 170.1 0.2182 0.8345 
BC 29.6 1 73.4 0.4030 0.7009 
BD =5.3 1 113.9 -4.,66E-02 0.9644 
CD 22.8 1 168.5 0.1351 0.8970 
Final Equation in Terms of Actual Factors: 
A Bond Str = 
-357.1 
88.910 * Spray Dist 
- 25.814 * Angle 
- 2.4601 * Current 
+ 70.249 * Pressure 
- 13.040 * Spray Dist*2 
+ 0.14874 * Angle w2 
- 2.953E-03 * Current*2 
= 0.41562 * Pressure’2 
+ 0.77409 * Spray Dist * Angle 
+ 0.30533 * Spray Dist * Current 
+ 1.2372 * Spray Dist * Pressure 
+ 1.315E-02 * Angle * Current 
- 2.357E-02 * Angle * Pressure 
+ 2.275E-02 * Current * Pressure 
Obs ACTUAL PREDICTED STUDENT COOK’S OUTLIER Run 
Ord VALUE VALUE RESIDUAL LEVER RESID DIST t Ord 
1 1743.0 1761.7 =18/ 0.980 ~1.198 4.714 +-1.254 1 
2 1896.0 1967.3 “JLle3 0.492 -0.905 0.053 -0.889 2 
3 1896.0 1898.7 eae 5 0.986 -0.203 0.190 -0.186 3 
4 1815.0 1865.7 -50.7 0.751 -0.918 0.169 -0.904 4 
5 2029.0 2047.7 -18.7 0.980 -1.198 4.714 -1.254 5 
6 1733.0 1719.7 L333 0.919 0.424 0.135 0.393 6 
7 1835.0 1821.7 13%3 0.919 0.424 0.135 0.393 7 
8 1549.0 1551.7 ~2.7 0.986 -0.203 0.190 -~0.186 8 
9 1417.0 1435.7 -18.7 0.980 -1.198 4.714 -1.254 9 
2060.0 1967.3 92.7 0.492 1.176 0.089 1.224 
2060.0 2014.5 45.5 0.141 0.444 0.002 0.412 
1835.0 1827.0 8.0 0.872 0.203 0.019 0.186 
1917.0 1861.0 56.0 0.821 1.198 0.439 1.254 
2090.0 2014.5 7545 0.141 0.737 0.006 0.705 
1866.0 1858.0 8.0 0.872 0.203 0.019 0.186 
1825.0 1817.0 8.0 0.872 0.203 0.019 0.186 
1937.0 2014.5 =7745 0.141 -0.757 0.006 ~0.726 
2161.0 2153.0 8.0 0.872 0.203 0.019 0.186 
1988.0 1932.0 56.0 0.821 1.198 0.439 1.254 
1835.0 2014.5 -179.5 0.141 -1.752 0.034 -2.288 
2070.0 2014.0 56.0 0.821 1.198 0.439 1.254 


Table C2. 


Sequential Model Sum of Squares 


SOURCE 


MEAN 
Linear 
Quadratic 
Cubic 
RESIDUAL 
TOTAL 


SUM OF 
SQUARES 


0.060966 
0.000391 
0.001002 
0.000462 
0.000026 
0.062847 


Lack of Fit Tests 


MODEL 


Linear 
Quadratic 
Cubic 
PURE ERR 


SUM OF 
SQUARES 


0.001464 
0.000462 
0.000000 
0.000026 


ANOVA Summary Statistics of Models Fit 


SOURCE 


Linear 
Quadratic 
Cubic 


UNALIASED RESID 


TERMS 


5 
15 
17 


Case(s) with leverage of 1.0000: 


SOURCE 


MODEL 
RESIDUAL 
Lack Of Fit 

Pure Error 
COR TOTAL 


ROOT MSE 
DEP MEAN 
C.V: 


SUM OF 
SQUARES 


0.001393 
0.000488 


0.000462 
0.000026 


0.001880 


0.00902 
0.05388 
16.73% 


Predicted Residual Sum of Squares 


INDEPENDENT 
VARIABLE 
Intercept 


9QW YS 


COEFFICIENT 


ESTIMATE 
0.05521 
0.00422 
0.00768 

-0.01055 

-0.00220 


1/8" Aluminum Statistical Analysis of Cumulative Mass Loss 


PROB > F 


0.4133 
0.4156 
0.0027 


PROB > F 


0.0058 
0.0027 


PRESS 


0.00310 
0.08582 


C31 


MEAN F 
DF SQUARE VALUE 
1 0.060966 
4 0.000098 1.049 
10 0.000100 1.233 
2 0.000231 36.24 
4 0.000006 
21 
MEAN F 
DF SQUARE VALUE 
12 0.000122 19.14 
2 0.000231 36.24 
0 
4 0.000006 
ROOT ADJ 
DF MSE R-SOR R~-SOR 
16 0.00965 0.2077 0.0096 
6 0.00902 0.7406 0.1354 
4 0.00253 0.9864 0.9322 
PRESS statistic not defined. 
ANOVA for Quadratic Model 
MEAN F 
DF SQUARE VALUE 
14 0.00010 1.224 
6 0.00008 
2 0.00023 36.24 
4 0.00001 
20 
R-SQUARED 0.7406 
ADJ R-SQUARED 0.1354 
(PRESS) = 0.085825 
STANDARD t FOR HO 
DF ERROR COEFFICIENT=0 
1 0.00338 16.31 
1 0.00534 0.7908 
1 0.01673 0.4589 
1 0.00638 -1.655 
1 0.00638 ~0.3451 


PROB > F 
0.4256 


0.0027 


PROB > |t| 


0.4592 
0.6625 
0.1490 
0.7418 


Table C2. 


1/8" Aluminum Statistical Analysis of Cumulative Mass Loss 


0.00166 
-0.00194 
0.01274 
~0.00152 
-0.00662 
-0.00027 
-0.01372 
0.00201 
-0.00900 
0.01064 


el od ood oe 


0.00535 
0.00914 
0.00519 
0.00492 
0.01222 
0.01283 
0.01387 
0.00599 
0.00929 
0.01374 


Final Equation in Terms of Actual Factors: 


CumMassLoss 

+ 

+ 

+ 

+ 

+ 

+ 

i 

Obs ACTUAL 
Ord VALUE 
1 0.05030 
2 0.05150 
3 0.05590 
4 0.04660 
5 0.04770 
6 0.06420 
7 0.06280 
8 0.05910 
9 0.04790 
10 0.05100 
11 0.06550 
12 0.05350 
13 0.04480 
14 0.06060 
15 0.02450 
16 0.07090 
17 0.06030 
18 0.04980 
19 0.05510 
20 0.05880 
21 0.05070 


~0.39436 
5.298E-02 
5.600E-03 
2.133E-03 
6.806E-03 
1.847E-04 
3.832E-06 
1.274E-06 
1.517E-05 
9.809E-05 
9.060E-07 
4.575E-04 
8.937E-07 
3.999E-05 
1.064E-05 


PREDICTED 
VALUE 


0.05004 
0.05265 
0.05337 
0.05087 
0.04744 
0.05940 
0.05800 
0.05657 
0.04764 
0.05265 
0.05521 
0.06109 
0.04559 
0.05521 
0.03209 
0.07849 
0.05521 
0.05739 
0.05589 
0.05521 
0.05149 


0.3105 
-0.2123 
2.453 
-0.3082 
-0.5418 


-2.12E-02 


-0.9896 
0.3358 
-0.9683 
0.7745 


0.7667 
0.8389 
0.0496 
0.7684 
0.6075 
0.9838 
0.3606 
0.7485 
0.3703 
0.4680 


STUDENT COOK’S OUTLIER Run 


* Spray Dist 

* Angle 

* Current 

* Pressure 

* Spray Dist*2 

* Angle OZ 

* Current’*2 

* Pressure%*2 

* Spray Dist * Angle 

* Spray Dist * Current 

* Spray Dist * Pressure 
* Angle * Current 
* Angle * Pressure 
* Current * Pressure 

RESIDUAL LEVER RESID 
0.00026 0.980 0.208 

~0.00115 0.492 -0.179 
0.00253 0.986 2.356 

-0.00427 0.751 -0.949 
0.00026 0.980 0.208 
0.00480 0.919 1.868 
0.00480 0.919 1.868 
0.00253 0.986 2.356 
0.00026 0.980 0.208 

-0.00165 0.492 -0.256 
0.01029 0.141 1.232 

-0.00759 0.872 -2.356 

-0.00079 0.821 -0.208 
0.00539 0.141 0.645 

-0.00759 0.872 -2.356 

-0.00759 0.872 -2.356 
0.00509 0.141 0.609 

~0.00759 0.872 -2.356 

-0.00079 0.821 -0.208 
0.00359 0.141 0.430 

-0.00079 0.821 -0.208 
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DIST 


0.141 
0.002 
25.701 
0.181 
0.141 
2.633 
2.633 
25.701 
0.141 
0.004 
0.017 
2.527 
0.013 
0.005 
2.527 
2.527 
0.004 
2-527 
0.013 
0.002 
0.013 


t 


0.190 
-0.163 
7.874 
-0.939 
0.190 
2.637 
2.637 
7.874 
0.190 
-0.235 
1.301 
-7.874 
-0.190 
0.611 
-7.874 
-7.874 
0.574 
~7.874 
-0.190 
0.399 
-0.190 


Ord 


WOON A OFWN FH 


Table C3. 1/8" Aluminum Statistical Analysis of Microhardness 


Sequential Model Sum of Squares 


SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN 52620.07 uf 52620.07 

Linear 1491 4 0.38 0.1756 0.9477 
Quadratic 26.12 10 2.61 1.900 0.2231 

Cubic 0.46 2 0.23 0.1180 0.8916 
RESIDUAL 7.79 4 1.95 

TOTAL 52655.94 21 


Lack of Fit Tests 


SUM OF MEAN F 
MODEL SQUARES DF SQUARE VALUE PROB > F 
Linear 26.58 12 2.21 1.138 0.4951 
Quadratic 0.46 2 0.23 0.1180 0.8916 
Cubic 0.00 0 
PURE ERR Tad? 4 1.95 


ANOVA Summary Statistics of Models Fit 


UNALIASED RESID ROOT ADJ 
SOURCE TERMS DF MSE R-SOR R-SQR PRESS 
Linear 5 16 1.465 0.0421 -0.1974 55.803 
Quadratic 3D 6 1.172 0.7701 0.2336 118.143 
Cubic 17 4 16395 0.7829 ~0.0855 


Case(s) with leverage of 1.0000: PRESS statistic not defined. 


ANOVA for Quadratic Model 


SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MODEL 27.62 14 1.973 1.436 0.3432 
RESIDUAL 8.25 6 LeotS 
Lack Of Fit 0.46 2 0.230 0.1180 0.8916 
Pure Error 7.79 4 1.947 
COR TOTAL 35.87 20 
ROOT MSE 1.172 R-SQUARED 0.7701 
DEP MEAN 50.057 ADJ R-SQUARED 0.2336 
CV: 2.34% 


Predicted Residual Sum of Squares (PRESS) = 118.14 


INDEPENDENT COEFFICIENT STANDARD t FOR HO 

VARIABLE ESTIMATE DF ERROR COEFFICIENT=0 PROB > |t| 
Intercept 49.593 1 0.440 112.7 

A -0.303 1 0.694 -0.4367 0.6776 

B 4.762 1 2.176 2.189 0.0712 

C 0.900 1 C33. 0.829 1.086 0.3193 


Final Equation in Terms of Actual Factors: 


Obs 
Ord 


OOnN A OP WN 


Microhard = 


I++ ir +ttit 


+ {| 


ACTUAL 
VALUE 


51.200 
51.100 
49.700 
49.900 
49.600 
49.900 
51.500 
51.100 
51.300 
47.300 
49.200 
48.800 
47.200 
49.000 
49.900 
50.600 
49.500 
52.400 
50.200 
50.000 
51.800 


1.435 
-2.696 
0.041 
2.866 
-0.176 
-0.247 
3.203 


369.820 
4.6430 
0.14415 
0.42200 
4.6728 
8.129E-02 
4.735E-03 
1.665E-04 
1.435E-02 
3.994E-02 
1.355E-04 
9.552E-02 
7.824E-05 
1.097E-03 
3.203E-03 


PREDICTED 
VALUE 


ot ree Foe JE 
49.164 
49.781 
49.710 
49.591 
50.071 
51.671 
51.181 
51.291 
49.164 
49.593 
48.558 
47.228 
49.593 
49.658 
50.358 
49.593 
52.158 
50.228 
49.593 
51.828 


PRP RPP RPP 
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STUDENT COOK’S 


0.640 
1.589 
1.668 2.44E- 
1.803 
0.779 
1.208 
1.786 
* Spray Dist 
* Angle 
* Current 
* Pressure 
* Spray Dist%*2 
* Angle 2 
* Current’2 
* Pressure’%2 
* Spray Dist * Angle 
* Spray Dist * Current 
* Spray Dist * Pressure 
* Angle * Current 
* Angle * Pressure 
* Current * Pressure 
RESIDUAL LEVER RESID 
0.009 0.980 0.057 
1.936 0.492 2.317 
-0.081 0.986 -0.578 
0.190 0.751 0.324 
0.009 0.980 0.057 
-0.171 0.919 -0.511 
-0.171 0.919 -0.511 
-0.081 0.986 -0.578 
0.009 0.980 0.057 
-~1.864 0.492 -2.231 
-0.393 0.141 -0.361 
0.242 0.872 0.578 
-0.028 0.821 -0.057 
-0.593 0.141 -0.545 
0.242 0.872 0.578 
0.242 0.872 0.578 
~0.093 0.141 -0.085 
0.242 0.872 0.578 
-0.028 0.821 ~0.057 
0.407 0.141 0.375 
-0.028 0.821 -0.057 


DIST 


0.011 
0.347 
1.546 
0.021 
0.011 
0.197 
0.197 
1.546 
0.011 
0.321 
0.001 
0.152 
0.001 
0.003 
0.152 
0.152 
0.000 
0.152 
0.001 
0.002 
0.001 


0.0661 
0.1407 
0.9814 
0.1632 
0.8287 
0.8449 
0.1232 


t 


0.052 
6.508 
-0.543 
0.298 
0.052 
-0.477 
-0.477 
-0.543 
0.052 
-4.935 
=0.333 
0.543 
~0.052 
-0.511 
0.543 
0.543 
-0.078 
0.543 
-0.052 
0.346 
-0.052 


OUTLIER Run 


Ord 


OON AOL WD 


Table C4. 


Sequential Model Sum of Squares 


1/8" Aluminum Statistical Analysis of Oxides 


SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN 357.12 1 35712 
Linear 3.28 4 0.82 0.4672 0.7590 
Quadratic 19.24 10 1.92 1.311 0.3847 
Cubic 0.62 2 0.31 0.1525 0.8633 
RESIDUAL 8.18 4 2.05 
TOTAL 388.44 21 
Lack of Fit Tests 
SUM OF MEAN F 
MODEL SQUARES DF SQUARE VALUE PROB > F 
Linear 19.86 12 1.66 0.8094 0.6527 
Quadratic 0.62 2 0.31 0.1525 0.8633 
Cubic 0.00 0 
PURE ERR 8.18 4 2.05 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT ADJ 
SOURCE TERMS DF MSE R-SQR R-SQR PRESS 
Linear : 5 16 1.324 0.1046 -0.1193 51.643 
Quadratic 15 6 La2it 0.7189 0.0630 141.460 
Cubic 17 4 1.430 0.7388 -0.3060 
Case(s) with leverage of 1.0000: PRESS statistic not defined. 
ANOVA for Quadratic Model 
SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MODEL 22.51 14 1.608 1.096 0.4859 
RESIDUAL 8.80 6 1.467 
Lack Of Fit 0.62 2 0.312 0.1525 0.8633 
Pure Error 8.18 4 2.045 
COR TOTAL S132 20 
ROOT MSE 1.211 R-SQUARED 0.7189 
DEP MEAN 4.124 ADJ R-SQUARED 0.0630 
C.V. 29.37% 
redicted Residual Sum of Squares (PRESS) = 141.46 
\ INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE ESTIMATE DF ERROR COEFFICIENT=0 PROB > | t | 
| Intercept 4.153 1 63255 9.132 
A ~0.591 1 0.718 -~0.8230 0.4420 
B 1.550 1 2.248 0.6895 0.5163 
Cc 2.250 1 C35 0.857 2.627 0.0392 


0.716 
=—302/77 
=-2.695 

5.092 

0.699 
-1.491 

2.856 


bb bY pt pe pt pe 


Final Equation in Terms of Actual Factors: 


Obs 
Ord 


OON AO PWN EH 


Oxides 


i+ t 


lie eee els ieee 


+ ett 


ACTUAL 
VALUE 


2.900 
4.200 
3.100 
5.300 
3.700 
4.000 
4.300 
5.700 
3.600 
4.400 
2.800 
2.900 
3.900 
5.200 
5.100 
1.000 
2.800 
5.500 
5.300 
6.000 
4.900 


205.321 
8.7646 
0.68053 
0.16211 
3.3827 
4.955E-02 
2.105E-03 
6.865E-05 
7.159E-03 
4.855E-02 
8.984E-03 
0.16973 
3.108E-04 
6.624E-03 
2.856E-03 


PREDICTED 
VALUE 


2.977 
4.298 
3.028 
5.675 
3.777 
3.779 
4.079 
5.628 
3.677 
4.298 
4.153 
3.117 
3.669 
4.153 
5.317 
1.217 
4.153 
5.717 
5.069 
4.153 
4.669 


0.3206 
0.0929 
0.1690 
0.0341 
0.4182 
0.2775 
0.1728 


0.661 1.082 
1.642 -1.996 
1.724 -1.564 
1.863 2733 
0.805 0.8690 
1.248 -1.194 
1.846 1.547 
* Spray Dist 
* Angle 
* Current 
* Pressure 
* Spray Dist%*2 
* Angle A2 
* Current’2 
* Pressure’*2 
* Spray Dist * Angle 
* Spray Dist * Current 
* Spray Dist * Pressure 
* Angle * Current 
* Angle * Pressure 
* Current * Pressure 
STUDENT COOK’S 
RESIDUAL LEVER RESID DIST 
-0.077 0.980 -0.451 0.667 
-0.098 0.492 -0.113 0.001 
0.072 0.986 0.500 1.158 
-~0.375 0.751 -0.621 0.077 
~0.077 0.980 -0.451 0.667 
0.221 0.919 0.641 0.311 
0.221 0.919 0.641 0.311 
0.072 0.986 0.500 1.158 
-0.077 0.980 -0.451 0.667 
0.102 0.492 0.119 0.001 
-1.353 0.141 -1.205 0.016 
-~0.217 0.872 -0.500 0.114 
0.231 0.821 0.451 0.062 
1.047 0.141 0.933 0.010 
-0.217 0.872 -0.500 0.114 
~0.217 0.872 -0.500 0.114 
~1.353 0.141 +-1.205 0.016 
~0.217 0.872 -0.500 0.114 
0.231 0.821 0.451 0.062 
1.847 0.141 1.645 0.030 
0.231 0.821 0.451 0.062 
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c 


-0.419 
-0.103 
0.466 
-0.586 
-0.419 
0.607 
0.607 
0.466 
-0.419 
0.108 
-1.264 
~0.466 
0.419 
0.921 
-0.466 
-0.466 
-1.264 
-0.466 
0.419 
2.027 
0.419 


OUTLIER Run 


Ord 


WOON VN OP WD 


Table C5. 1/8" Aluminum Statistical Analysis of Porosity 


Sequential Model Sum of Squares 


SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN 2102.0 1 2102.0 
Linear 168.1 4 42.0 3.210 0.0409 
Quadratic 183.5 10 18.3 4.227 0.0456 
Cubic 5.8 2 2.9 0.5765 0.6026 
RESIDUAL 20.2 4 5 
TOTAL 2479.6 21 
Lack of Fit Tests 
SUM OF MEAN F 
MODEL SQUARES DF SQUARE VALUE PROB > F 
Linear 189.3 12 15.8 3.121 0.1411 
Quadratic 5.8 2 2.9 0.5765 0.6026 
Cubic 0.0 0 
PURE ERR 20.2 4 5.1 


ANOVA Summary Statistics of Models Fit 


UNALIASED RESID ROOT ADJ 
SOURCE TERMS DF MSE R-SQR R-SQR PRESS 
Linear 5 16 3.62 0.4452 0.3065 359.40 
Quadratic 15 6 2.08 0.9310 0.7701 967.25 
Cubic 17 4 2.25 0.9465 0.7323 


Case(s) with leverage of 1.0000: PRESS statistic not defined. 


ANOVA for Quadratic Model 


| SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MODEL 351.6 14 25.41 5.786 0.0201 

RESIDUAL 26.0 6 4.34 
Lack Of Fit 5.8 2 2.91 0.5765 0.6026 

Pure Error 20.2 4 5205 
COR TOTAL 377.6 20 
ROOT MSE 2.08 R-SQUARED 0.9310 
DEP MEAN 10.00 ADJ R-SQUARED 0.7701 

C.V. 20.82% 


Predicted Residual Sum of Squares (PRESS) = 967.3 


INDEPENDENT COEFFICIENT STANDARD t FOR HO 

VARIABLE ESTIMATE DF ERROR COEFFICIENT=0 PROB > | t | 
Intercept 6.20 1 0.78 7.921 

A 1.04 L e235 0.8448 0.4306 

B =15..15 1 3.87 ~3.919 0.0078 

C -1.55 1 C37 1.47 -1.052 0.3332 


Final Equation in Terms of Actual Factors: 


Ord 


ODN AO PWD EF 


Porosity = 


Ptr tt trtetetst 


+ 


ACTUAL 
VALUE 


8.90 
9.40 
12.60 
12.30 
10.80 
16.00 
14.20 
10.40 
21.40 
11.90 
10.50 
12.50 
13.10 
5.60 
6.40 
8.60 
6.20 
5.50 
5.20 
5.50 
3.10 


-527.90 
23.342 
1.3684 

0.30200 
7.0265 

0.63450 

1.464E-02 
1.303E-04 
1.211E-02 
1.622E-02 
6.761E-03 
0.33509 
1.395E-03 
4.045E-04 
4.734E-03 


PREDICTED 
VALUE 


8.62 
10.86 
12.45 
11.76 
10.52 
15.98 
14.18 
10.25 
21.12 
10.86 

6.20 
12.95 
13.93 

6.20 

6.85 

9.05 

6.20 

5.95 

6.03 

6.20 

3.93 


PRP RPP PE 


1.14 -1.065 
2.82 0.3877 
2.96 -0.6842 
3.20 =-3.137 
1.38 2.268 
2.15 ~4.24E-02 
3.17 -1.491 
* Spray Dist 
* Angle 
* Current 
* Pressure 
* Spray Dist*2 
* Angle ae. 
* Current’*2 
* Pressure%’%2 
* Spray Dist * Angle 
* Spray Dist * Current 
* Spray Dist * Pressure 
* Angle * Current 
* Angle * Pressure 
* Current * Pressure 
RESIDUAL LEVER RESID 
0.28 0.980 0.947 
-1.46 0.492 -0.986 
0.15 0.986 0.603 
0.54 0.751 0.515 
0.28 0.980 0.947 
0.02 0.919 0.035 
0.02 0.919 0.035 
0.15 0.986 0.603 
0.28 0.980 0.947 
1.04 0.492 0.698 
4.30 0.141 2.229 
-~0.45 0.872 -0.603 
-~0.83 0.821 -0.947 
~0.60 0.141 -0.309 
~0.45 0.872 -0.603 
-0.45 0.872 -0.603 
0.00 0.141 0.002 
~Q.45 0.872 -0.603 
~0.83 0.821 -0.947 
-0.70 0.141 -0.360 
-0.83 0.821 -0.947 
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0.3279 
0.7116 
0.5194 
0.0201 
0.0638 
0.9676 
0.1865 


STUDENT COOK’S OUTLIER Run 


DIST 


2.946 
0.063 
1.682 
0.053 
2.946 
0.001 
0.001 
1.682 
2.946 
0.031 
0.054 
0.165 
0.274 
0.001 
0.165 
0.165 
0.000 
0.165 
0.274 
0.001 
0.274 


t 


0.937 
-0.983 
0.568 
0.481 
0.937 
0.032 
0.032 
0.568 
0.937 
0.664 
4.907 
-0.568 
-0.937 
-0.284 
-0.568 
-0.568 
0.002 
-0.568 
-0.937 
-0.333 
~0.937 


Ord 


WOON A OP WN FH 


Table C6. 


Sequential Model Sum of Squares 


SOURCE 


MEAN 
Linear 
Quadratic 
Cubic 
RESIDUAL 
TOTAL 


Lack of Fit Tests 


MODEL 


Linear 
Quadratic 
Cubic 
PURE ERR 


ANOVA Summary Statistics of Models Fit 


SOURCE 


Linear 
Quadratic 
Cubic 


SUM OF 
SQUARES 


7769.1 


124.7 
167.2 
12.0 
22.1 


8095.1 


SUM OF 
SQUARES 


179.2 
12.0 
0.0 
22.1 


TERMS 


5 
15 
17 


m ON DY 


UNALIASED RESID 


DF 


16 
6 
4 


Case(s) with leverage of 1.0000: 


SOURCE 


MODEL 
RESIDUAL 
Lack Of Fit 

Pure Error 
COR TOTAL 


ROOT MSE 
DEP MEAN 
C.V. 


SUM OF 
SQUARES 


291.9 
34.2 


12.0 
22.1 


326.0 


2.39 
19.23 


12.40% 


MEAN 
SQUARE 


7769.1 
31.2 
16.7 

6.0 
55 


MEAN 
SQUARE 


ROOT 


MSE 


3.55 
2.39 
2.35 


PRESS statistic not 


ANOVA for Quadratic Model 


DF 


Predicted Residual Sum of Squares 


INDEPENDENT 
VARIABLE 


Intercept 
A 
B 
Cc 


COEFFICIENT 
ESTIMATE 


16.68 
0.31 
-8.13 
3.19 


DF 


PRP 


MEAN 
SQUARE 


20.85 
5.69 
6.02 
5.53 


R-SQUARE 


(PRESS) = 2533 


STANDARD 
ERROR 


0.90 
1.41 
4.43 
C39 1.69 


ADJ R-SQUARED 


1/8" Aluminum Statistical Analysis of Roughness 


F 
VALUE PROB > F 
2.477 0.0859 
2.937 0.1000 
1.089 0.4192 
F 
VALUE PROB > F 
247 01 0.1746 
1.089 0.4192 
ADJ 
R-SQR R-SQR PRESS 
0.3824 0.2280 379.82 
0.8952 0.6508 2533.11 
0.9322 0.6608 
defined. 
F 
VALUE PROB > F 
3.662 0.0595 
1.089 0.4192 
D 0.8952 
0.6508 
eel 
t FOR HO 
COEFFICIENT=0 PROB > |t| 
18.62 
0.2206 0.8327 
-1.836 0.1160 
1.894 0.1071 
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D2 “1.57 1 1.30 -1.207 0.2729 
AB -4.18 1 3«23 -1.291 0.2442 
AC ~10.37 1 3.40 -3.055 0.0224 
AD -0.61 1 3.67 -~0.1661 0.8735 
BC 4.13 1 1.58 2.603 0.0405 
BD -~0.46 1 2.46 -0.1890 0.8563 
CD 8.93 1 3.64 2.455 0.0494 
Final Equation in Terms of Actual Factors: 
Ra Rough. = 
73.68 
+ 17.903 * Spray Dist 
+ 1.2417 * Angle 
= 1.1029 * Current 
+ 0.29200 * Pressure 
+ 0.10558 * Spray Dist*2 
- 8.231E-03 * Angle “2 
+ 5.547E-04 * Current%*2 
= 1.572E-02 * Pressure’*2 
- 6.186E-02 * Spray Dist * Angle 
- 3.457E-02 * Spray Dist * Current 
- 2.033E-02 * Spray Dist * Pressure 
+ 1.834E-03 * Angle * Current 
- 2.065E-03 * Angle * Pressure 
+ 8.927E-03 * Current * Pressure 
Obs ACTUAL PREDICTED STUDENT COOK’S OUTLIER Run 
VALUE VALUE RESIDUAL LEVER RESID DIST t 
1 20.23 20.46 -0.23 0.980 -0.680 1.518 -0.646 1 
2 16.31 Liese -1.01 0.492 -0.594 0.023 -0.559 2 
3 27.73 27%«35 0.38 0.986 1.328 8.167 1.443 3 
4 day re 18.57 -1.44 0.751 -1.210 0.294 -1.270 4 
5 15.66 15.89 -0.23 0.980 -0.680 1.518 -0.646 5 
6 27.86 26.88 0.98 0.919 1.447 1.581 1.638 6 
7 vad Meas 1 20.33 0.98 0.919 1.447 1.581 1.638 7 
8 18.97 18.59 0.38 0.986 1.328 8.167 1.443 8 
9 24.73 24.96 -0.23 0.980 -0.680 1.518 -0.646 9 
18.18 17.32 0.86 0.492 0.506 0.017 0.472 
18.29 16.68 1.61 0.141 0.728 0.006 0.696 
16.81 17.94 -1.13 0.872 -1.328 0.803 -1.443 
21.33 20.64 0.69 0.821 0.680 0.141 0.646 
14.70 16.68 -1.98 0.141 -0.896 0.009 -0.879 
15.14 16.27 ~1s13 0.872 -1.328 0.803 -1.443 
17.90 19.03 ag ores Be 0.872 -1.328 0.803 -1.443 
20.33 16.68 3.65 0.141 1.650 0.030 2.038 
24.29 25.42 =) .13 0.872 -1.328 0.803 -1.443 
16.76 16.07 0.69 0.821 0.680 0.141 0.646 
15.43 16.68 =1..25 0.141 -0.566 0.004 -0.531 
14.83 14.14 0.69 0.821 0.680 0.141 0.646 


Table C7. 


MTB > regress c6 10 cl-c5 cl2-cl6; 
SUBC> residuals c22. 


The regression equation is 
CML = 12.7 +0.000026 BS - 0.00528 R + 0.00150 P + 0.00448 O - 0.126 MH 
- 3 1/BS - 2.61 1/R + 0.091 1/P + 0.0433 1/0 - 311 1/MH 


Predictor 
Constant 
BS 

R 

Pp 

O 

MH 

1/BS 

1/R 

1/P 

1/0 

1/MH 


s = 0.01055 


Analysis of Variance 


SOURCE 


Regression 


Error 
Total 
SOURCE 
BS 

R 

P 

@) 

MH 
1/BS 
1/R 
1/P 
1/0 
1/MH 


RESIDUALS : 
0.0000223 
0.0061236 

~0.0037406 
-~0.0040006 


Minitab Analysis for 1/8" Aluminum 


Coef Stdev t-ratio 
12.731 8.032 1.59 
0.0000257 0.0001161 0.22 
-0.005279 0.004642 -1.14 
0.001495 0.001840 0.81 
0.004482 0.004560 0.98 
-0.12614 0.08047 -1.57 
~2.8 376.9 -0.01 
-~2.609 1.988 “1.31 
0.0908 0.1095 0.83 
0.04333 0.02853 1.52 
-311.4 198.0 ~1.57 
R-sq = 40.8% R-sq(adj) = 0O. 
DF SS MS 
10 0.0007673 0.0000767 0. 
10 0.0011132 0.0001113 
20 0.0018804 
DF SEQ SS 
dL 0.0000000 
1 0.0000769 
1 0.0000083 
1 0.0002237 
1 0.0000089 
1 0.0000016 
1 0.0000165 
1 0.0000002 
1 0.0001557 
1 0.0002753 
0.0053400 -0.0018553 -0.0104050 
0.0092403 -0.0055346 0.0020258 
0.0112333 -0.0217538 -0.0004155 
0.0080586 0.0021567 


C41 


p 
0.144 


0.829 
0.282 
0.435 
0.349 
0.148 
0.994 
0.219 
0.426 
0.160 
0.147 
0% 


69 


p 
0.716 


-0.0036830 


0.0042877 


-0.0012916 


0.0067017 
0.0028960 


-0.0054060 


Appendix D. Results for the 3/16" Aluminum Wire System 


Figures D1-D21: Photomicrographs D1-D21 
Figures D22-D27: Perturbation Plots 
Tables D1-D6: Design Expert Analysis 
Table D7: Minitab Analysis 
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Figure Dl. Photomicrograph of Coating BAl1 (3/16" aluminum) 
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PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-BA2 


Figure D2. Photomicrograph of Coating BA2 (3/16" aluminum) 
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Figure D3. Photomicrograph of Coating BA3 (3/16" aluminum) 
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Figure D4. Photomicrograph of Coating BA4 (3/16" aluminum) 
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Figure D5. Photomicrograph of Coating BA5 (3/16" aluminum) 
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Figure D6. Photomicrograph of Coating BA6 (3/16" aluminum) 
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PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-BA7 


Figure D7. Photomicrograph of Coating BA7 (3/16" aluminum) 
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Figure D9. Photomicrograph of Coating BAS (3/16" aluminum) 
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Figure D10. Photomicrograph of Coating BA10O (3/16" aluminum) 
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Figure Dll. Photomicrograph of Coating BA11 (3/16" aluminum) 
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Figure D12. Photomicrograph of Coating BA12 (3/16" aluminum) 
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Figure D13. Photomicrograph of Coating BA13 (3/16" aluminum) 
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Figure D1l4. Photomicrograph of Coating BA14 (3/16" aluminum) 
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Figure D15. Photomicrograph of Coating BA15 (3/16" aluminum) 
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Figure D16. Photomicrograph of Coating BA16 (3/16" aluminum) 
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Figure D17. Photomicrograph of Coating BA17 (3/16" aluminum) 
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Figure D18. Photomicrograph of Coating BA18 (3/16" aluminum) 
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Figure D19. Photomicrograph of Coating BA19 (3/16" aluminum) 
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Figure D20. Photomicrograph of Coating BA20 (3/16" aluminum) 
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Figure D21. Photomicrograph of Coating BA21 (3/16" aluminum) 
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Figure D22. Bond Strength Parameter Plot for 3/16" Al Coatings 
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Figure D23. 
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Roughness Parameter Plot for 3/16" Al Coatings 
D24 


Model: 
Quadratic 


Response: 
Porosity 


Coded variables: 


A = Spray Dist 
B = Angle 

C = Current 

D = Pressure 
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Figure D24. 
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Porosity Parameter Plot for 3/16" Al Coatings 
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DESIGN-EXPERT Analysis 
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Figure D25. Oxides Parameter Plot for 3/16" Al Coatings 
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Figure D26. Hardness Parameter Plot for 3/16" Al Coatings 
D27 


DESIGN-EXPERT Analysis 
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Figure D27. CML Parameter Plot for 3/16" Al Coatings 
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Table Dl. 3/16" Aluminum Statistical Analysis of Bond Strength 


Sequential Model Sum of Squares 


SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN 24980629.3 1 24980629.3 
Linear 252219.7 4 63054.9 5.119 0.0075 
Quadratic 154125.5 10 15412.6 2-153 0.1802 
Cubic 8852.9 2 4426.5 0.5192 0.6303 
RESIDUAL 34100.5 4 8525.1 
TOTAL 25429928.0 21 
Lack of Fit Tests 
SUM OF MEAN F 
MODEL SQUARES DF SQUARE VALUE PROB > F 
Linear 162978.4 12 13581.5 1.593 0.3481 
Quadratic 8852.9 2 4426.5 0.5192 0.6303 
Cubic 0.0 0 
PURE ERR 34100.5 4 8525.1 


ANOVA Summary Statistics of Models Fit 


UNALIASED RESID ROOT ADJ 
SOURCE TERMS DF MSE R-SOR R-SOR PRESS 
Linear 5 16 111.0 0.5614 0.4517 455547.8 
Quadratic 15 6 84.6 0.9044 0.6813 1798646.4 
Cubic 17 4 92.3 0.9241 0.6205 


Case(s) with leverage of 1.0000: PRESS statistic not defined. 


ANOVA for Quadratic Model 


SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MODEL 406345.3 14 29024.7 4.054 0.0473 

RESIDUAL 42953.4 6 7158.9 
Lack Of Fit 8852.9 2 4426.5 0.5192 0.6303 

Pure Error 34100.5 4 8525.1 
COR TOTAL 449298.7 20 
ROOT MSE 84.6 R-SQUARED 0.9044 
DEP MEAN 1090.7 ADJ R-SQUARED 0.6813 

C.V. 7.76% 


Predicted Residual Sum of Squares (PRESS) = 1798646.4 


INDEPENDENT COEFFICIENT STANDARD t FOR HO 

VARIABLE ESTIMATE DF ERROR COEFFICIENT=0 PROB > |t| 
Intercept 1105.4 1 31.8 34.80 

A —<17 53 1 50.1 -0.3452 0.7417 

B 190.1 1 157.0 see pe 0.2715 

Cc 71635 1 59.8 1.279 0.2482 

D -45.5 1 D29 59.8 -0.7605 0.4758 


Final Equation in 
BA Bond Str 


Obs 
Ord 


OONIAO PWD 


I+ hr tttttine 


ACTUAL 
VALUE 


1294.0 
1039.0 
1213.0 
1049.0 
1356.0 

958.0 

836.0 
1100.0 

784.0 
1284.0 
1172.0 
1141.0 

917.0 
1110.0 

897.0 
1049.0 
1100.0 
1202.0 
1202.0 
1090.0 
1111.0 


144.0 
6.5 
-16.0 
77.4 
“3.4 
~14.6 


Terms of Actual Factors: 


12524.5 
239.76 
35.720 
1.8363 
173.44 
4.8657 

8.033E-02 
1.099E-03 

0.90076 
2.1334 

2.169E-02 

0.53182 

3.438E-02 
1.525E-02 
1.458E-02 


PREDICTED 
VALUE 


1281.0 
1166.5 
1216.0 
1004.0 
1343.0 
97 fed 
855.1 
1103.0 
771.0 
1166.5 
1105.4 
1131.9 
956.0 
1105.4 
887.9 
1039.9 
1105.4 
1192.9 
1241.0 
1105.4 
1150.0 


PRP PPP 


114.7 1.256 
120.4 5.40E-02 
130.2 -0.1226 
56.2 1.376 
87.2 -3.94E~-02 
128.9 -0.1131 
* Spray Dist 
* Angle 
* Current 
* Pressure 
* Spray Dist’2 
* Angle <2 
* Current’2 
* Pressure’*2 
* Spray Dist * Angle 
* Spray Dist * Current 
* Spray Dist * Pressure 
* Angle * Current 
* Angle * Pressure 
* Current * Pressure 
RESIDUAL LEVER RESID 
13.0 0.980 1.088 
=12755 0.492 -2.114 
~3.0 0.986 -0.302 
45.0 0.751 1.066 
13%0 0.980 1.088 
-19.1 0.919 -0.791 
“19.1 0.919 -0.791 
= 300 0.986 -0.302 
13.0 0.980 1.088 
117.5 0.492 1.949 
66.6 0.141 0.850 
rs 0.872 0.302 
-39.0 0.821 -1.088 
4.6 0.141 0.059 
9.1 0.872 0.302 
9.1 0.872 0.302 
-5.4 0.141 -0.069 
9.1 0.872 0.302 
-39.0 0.821 -1.088 
ayer 0.141 -0.196 
—39.0 0.821 -1.088 
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0.2559 
0.9587 
0.9064 
0.2178 
0.9699 
0.9137 


STUDENT COOK’S OUTLIER Run 


DIST 


3.889 
0.289 
0.422 
0.228 
3.889 
0.472 
0.472 
0.422 
3.889 
0.245 
0.008 
0.042 
0.362 
0.000 
0.042 
0.042 
0.000 
0.042 
0.362 
0.000 
0.362 


. 


1.109 
-3.819 
~0.278 

1.081 

1.109 
-0.763 
-0.763 
-0.278 

1.109 

2.937 

0.827 

0.278 
-1.109 

0.054 

0.278 

0.278 
-0.063 

0.278 
-1.109 
-0.180 
-1.109 


Ord 


WONT A OWN 


Table D2. 3/16" Aluminum Statistical Analysis of Cumulative Mass Loss 
Sequential Model Sum of Squares 
SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN 0.073538 1 0.073538 
Linear 0.002500 4 0.000625 2.920 0.0545 
Quadratic 0.002092 10 0.000209 0.9417 0.5563 
Cubic 0.000987 2 0.000493 5.706 0.0674 
RESIDUAL 0.000346 4 0.000086 
TOTAL 0.079463 21 
Lack of Fit Tests 
SUM OF MEAN F 
MODEL SQUARES DF SQUARE VALUE PROB > F 
Linear 0.003078 12 0.000257 2.967 0.1522 
Quadratic 0.000987 2 0.000493 5.706 0.0674 
Cubic 0.000000 0 
PURE ERR 0.000346 4 0.000086 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT ADJ 
SOURCE TERMS DF MSE R-SQR R-SQR PRESS 
Linear 5 16 0.01463 0.4220 0.2775 0.00669 
Quadratic 15 6 0.01490 0.7751 0.2502 0.20695 
Cubic 17 4 0.00930 0.9416 0.7081 
Case(s) with leverage of 1.0000: PRESS statistic not defined. 
ANOVA for Quadratic Model 
SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MODEL 0.004592 14 0.00033 1.477 0.3294 
RESIDUAL 0.001333 6 0.00022 
Lack Of Fit 0.000987 2 0.00049 5.706 0.0674 
Pure Error 0.000346 4 0.00009 
COR TOTAL 0.005924 20 
ROOT MSE 0.01490 R-SQUARED 0.7751 
DEP MEAN 0.05918 ADJ R-SQUARED 0.2502 
C.V. 25.18% 
Predicted Residual Sum of Squares (PRESS) = 0.206951 
INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE ESTIMATE DF ERROR COEFFICIENT=0 PROB > |t| 
Intercept 0.06274 1 0.00560 l1l.21 
A -0.00080 1 0.00883 -9.04E-02 0.9309 
B -~0.00750 1 0.02766 -0.2712 0.7953 
C 0.01060 2 0.01054 1.006 0.3533 
D 0.00095 1 0.01054 9.01E-02 0.9311 
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Aluminum Statistical Analysis of 


PRP PRP PP ee} 


0.00885 
0.01511 
0.00858 
0.00814 
0.02020 
0.02121 
0.02292 
0.00990 
0.01536 
0.02271 


Table D2. 3/16" 
A2 0.00243 
B2 -0.01312 
C2 0.00553 
D2 0.00423 
AB -0.00724 
AC -0.00963 
AD 0.00146 
BC 0.02273 
BD -0.01369 
CD 0.01553 
Final Equation in Terms of Actual Factors: 
CumMassLoss = 
0.52161 
+ 1.090E-02 
+ 7.843E-03 
- 2.454E-03 
= 8.769E-03 
+ 2.699E-04 
- 2.591E-05 
+ 5.531E-07 
+ 4.234E-05 
- 1.072E-04 
- 3.209E-05 
+ 4.861E-05 
+ 1.010E-05 
= 6.083E-05 
+ 1.553E-05 
Obs ACTUAL PREDICTED 
Ord VALUE VALUE 
1 0.06510 0.06773 
2 0.06330 0.06597 
3 0.04410 0.04094 
4 0.06180 0.07599 
5 0.06400 0.06663 
6 0.07460 0.06566 
7 0.05870 0.04976 
8 0.06320 0.06004 
9 0.01320 0.01583 
10 0.06810 0.06597 
11 0.08060 0.06274 
12 0.05490 0.06437 
13 0.06500 0.05712 
14 0.06650 0.06274 
15 0.01580 0.02527 
16 0.04820 0.05767 
17 0.05760 0.06274 
18 0.06940 0.07887 
19 0.07390 0.06602 
20 0.05890 0.06274 
21 0.07580 0.06792 


Cumulative Mass Loss 


0.2745 
-0.8683 
0.6445 
0.5203 
-0.3583 
-0.4540 
6.36E-02 
2.296 
-0.8911 
0.6837 


DIST 

5.128 
0.004 
4.623 
0.730 
5.128 
3.344 
3.344 
4.623 
5.128 
0.003 
0.018 
1.438 
0.477 
0.001 
1.438 
1.438 
0.002 
1.438 
0.477 
0.001 


* Spray Dist 

* Angle 

* Current 

* Pressure 

* Spray Dist’*2 

* Angle a2 

* Current*2 

* Pressure’*2 

* Spray Dist * Angle 

* Spray Dist * Current 

* Spray Dist * Pressure 
* Angle * Current 
* Angle * Pressure 
* Current * Pressure 

STUDENT COOK’S 

RESIDUAL LEVER RESID 

-0.00263 0.980 -1.249 

~0.00267 0.492 -0.251 
0.00316 0.986 1.777 1 

-0.01419 0.751 -1.907 

-0.00263 0.980 -1.249 
0.00894 0.919 2.105 
0.00894 0.919 2.105 
0.00316 0.986 1.777 1 
-0.00263 0.980 -1.249 
0.00213 0.492 0.201 
0.01786 0.141 1.293 

-0.00947 0.872 -1.777 
0.00788 0.821 1.249 
0.00376 0.141 0.272 

-0.00947 0.872 -1.777 

-~0.00947 0.872 -1.777 

~0.00514 0.141 -0.372 
-0.00947 0.872 ~-1.777 
0.00788 0.821 1.249 

-0.00384 0.141 -0.278 
0.00788 0.821 1.249 
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0.477 


0.7929 
0.4186 
0.5431 
0.6215 
0.7324 
0.6658 
0.9513 
0.0614 
0.4072 
0.5197 


t 
~1.326 
-0.230 

2.358 
-2.774 
-1.326 

3.758 

3.758 

2.358 
~1.326 

0.184 

1.390 
~2.358 

1.326 

0.250 
-2.358 
~2.358 
~0.344 
-2.358 

1.326 
“0.255 

1.326 


OUTLIER Run 


Ord 


Table D3. 3/16" Aluminum Statistical Analysis of Microhardness 
Sequential Model Sum of Squares 


SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN 48691.69 1 48691.69 
Linear 37.84 4 9.46 2-486 0.0851 
Quadratic 41.38 10 4.14 1.272 0.3998 
Cubic 1.08 2 0.54 0.1176 0.8920 
RESIDUAL | 18.43 4 4.61 
TOTAL 48790.42 21 
Lack of Fit Tests 
SUM OF MEAN F 
MODEL SQUARES DF SQUARE VALUE PROB > F 
Linear 42.46 12 3.54 0.7679 0.6763 
Quadratic 1.08 2 0.54 0.1176 0.8920 
Cubic 0.00 ) 
PURE ERR 18.43 4 4.61 


ANOVA Summary Statistics of Models Fit 


UNALIASED RESID ROOT ADJ 
SOURCE TERMS DF MSE R-SQR R-SOQR PRESS 
Linear 5 16 1.951 0.3832 0.2291 121.728 
Quadratic 15 6 1.804 0.8023 0.3411 292.010 
Cubic 17 4 2.147 0.8133 0.0665 


Case(s) with leverage of 1.0000: PRESS statistic not defined. 


ANOVA for Quadratic Model 


SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MODEL 79.22 14 5.658 1.740 0.2557 

RESIDUAL 19.52 6 3203 
Lack Of Fit 1.08 2 0.542 0.1176 0.8920 

Pure Error 18.43 4 4.608 
COR TOTAL 98.73 20 
ROOT MSE 1.804 R-SQUARED 0.8023 
DEP MEAN 48.152 ADJ R-SQUARED 0.3411 

Cave 3.75% 


Predicted Residual Sum of Squares (PRESS) = 292.01 


INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE ESTIMATE DF ERROR COEFFICIENT=0 PROB > |t| 
Intercept 49.400 1 0.677 72.95 
A 0.464 2 1.068 0.4347 0.6790 
B ~0.478 i 3.347 -0.1429 0.8910 
Cc -0.850 i 1.275 -0.6665 0.5299 
D 0.550 1 1275 0.4313 0.6813 
A2 -0.814 1 1.071 -0.7602 0.4759 
B2 -0.402 1 D33 1.828 -0.2197 0.8334 


Final Equation in Terms of Actual Factors: 
Microhard = 


Obs 
Ord 


OWN A OP WN 


r++ t 


Ports 4 


+ | 


ACTUAL 
VALUE 


44.800 
45.200 
44.000 
48.600 
53.000 
44.800 
48.200 
46.900 
46.300 
51.100 
49.100 
49.400 
49.300 
48.500 
49.100 
48.700 
49.400 
47.000 
48.400 
49.900 
49.500 


#349099 
-~1.304 

1.563 
7.115 


-229.673 


9. 
7. 
1. 
2. 
on 
1. 


5. 
6. 
ye 


2.6664 
0.90457 
0.74353 

3.5332 
046E-02 
933E-04 
900E-04 
733E-03 
938E-02 
607E-02 
0.11850 
795E-04 
945E~-03 
115E-03 


PREDICTED 
VALUE 


44.741 
48.121 
44.117 
48.190 
52.941 
45.092 
48.492 
47.017 
46.241 
48.121 
49.400 
49.050 
49.476 
49.400 
48.750 
48.350 
49.400 
46.650 
48.576 
49.400 
49.676 


PRP 


2.774 -1.281 
1.198 -~1.088 
1.859 0.8408 
2.748 -2.589 
* Spray Dist 
* Angle 
* Current 
* Pressure 
* Spray Dist%*2 
* Angle A2 
* Current’2 
* Pressure’*2 
* Spray Dist * Angle 
* Spray Dist * Current 
* Spray Dist * Pressure 
* Angle * Current 
* Angle * Pressure 
* Current * Pressure 
RESIDUAL LEVER RESID 
0.059 0.980 0.231 
-2.921 0.492 -2.272 
=“O.117 0.986 -0.543 
0.410 0.751 0.455 
0.059 0.980 0.231 
-0.292 0.919 -0.569 
-0.292 0.919 ~0.569 
=-O.117 0.986 -0.543 
0.059 0.980 0.231 
2.979 0.492 2.318 
-0.300 0.141 <-0.179 
0.350 0.872 0.543 
-0.176 0.821 -0.231 
-0.900 0.141 -0.538 
0.350 0.872 0.543 
0.350 0.872 0.543 
0.000 0.141 0.000 
0.350 0.872 0.543 
~0.176 0.821 -0.231 
0.500 0.141 0.299 
=0.«176 0.821 -0.231 
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DIST 


0.175 
0.333 
1.366 
0.042 
0.175 
0.244 
0.244 
1.366 
0.175 
0.347 
0.000 
0.134 
0.016 
0.003 
0.134 
0.134 
0.000 
0.134 
0.016 
0.001 
0.016 


0.2473 
0.3182 
0.4327 
0.0413 


t 


0.212 
-5.558 
-0.509 

0.423 

0.212 
-0.534 
-0.534 
-~0.509 

0.212 

6.535 
-0.164 

0.509 
-Q.212 
-0.504 

0.509 

0.509 

0.000 

0.509 
-0.212 

0.275 
~0.212 


STUDENT COOK’S OUTLIER Run 


Ord 
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Table D4. 3/16" Aluminum Statistical Analysis of Oxides 
Sequential Model Sum of Squares 


SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN 302.5 L 302.5 
Linear 21.3 4 5.3 0.9016 0.4861 
Quadratic 82.6 10 8.3 4.139 0.0479 
Cubic 4.6 2 2.3 1.234 0.3825 
RESIDUAL 7.4 4 1.9 
TOTAL 418.4 Zu: 
Lack of Fit Tests 
SUM OF MEAN F 
MODEL SQUARES DF SQUARE VALUE PROB > F 
Linear 87.2 12 Leo 3.924 0.0988 
Quadratic | 4.6 2 223 1.234 0.3825 
Cubic 0.0 0 
PURE ERR 724 4 1.9 


ANOVA Summary Statistics of Models Fit 


UNALIASED RESID ROOT ADJ 
SOURCE TERMS DF MSE R~-SQR R-SOR PRESS 
Linear 5 16 2.43 0.1839 ~0.0201 185.93 
Quadratic 15 6 1.41 0.8967 0.6556 968.06 
Cubic 17 4 1.36 0.9361 0.6805 


Case(s) with leverage of 1.0000: PRESS statistic not defined. 


ANOVA for Quadratic Model 


SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MODEL 104.0 14 7.43 3.720 0.0575 

RESIDUAL 12.0 6 2.00 
Lack Of Fit 4.6 2 2.28 1.234 0.3825 

Pure Error 7.4 4 1.85 
COR TOTAL 115.9 20 
ROOT MSE 1.41 R~SQUARED 0.8967 
DEP MEAN 3.80 ADJ R-SQUARED 0.6556 

C.V. 37.23% 


Predicted Residual Sum of Squares (PRESS) = 968.1 


INDEPENDENT COEFFICIENT STANDARD t FOR HO 

VARIABLE ESTIMATE DF ERROR COEFFICIENT=0 PROB > |t| 
Intercept 3.18 1 0.53 5.996 

A 2.04 1 0.84 2.436 0.0508 

B -6.44 1 2.62 —-2.457 0.0493 

C 0.85 1 1.00 0.8508 0.4275 

D 1.45 1 1.00 1.451 0.1969 
A2 0.94 1 D35 0.84 1.124 0.3041 


Final Equation in Terms of Actual Factors: 
Oxides = 


Obs 
Ord 


OWOODANA OP WN 


t++tit 


Ltti testi 


ACTUAL 
VALUE 


6.60 
2.70 
5.30 
7.10 
9.40 
0.70 
4.60 
1.00 
1.40 
1.50 
5.20 
6.80 
5.50 
2.30 
2.40 
1.50 
2.00 
3.20 
2.60 
2.40 
5.50 


-75.39 
3.8989 
1.4429 
0.57592 
0.52514 
0.10475 
7.063E-03 
1.469E-04 
1.416E-02 
0.11613 
1.857E-02 
0.22055 
4.144E-04 
1.238E-02 
6.690E-03 


PREDICTED 
VALUE 


6.42 
2.08 
5.51 
6.13 
9.22 
is3l 
5.21 
1.21 
1.22 
2.08 
3.18 
6.16 
6.05 
3.18 
1.76 
0.86 
3.18 
2.56 
ered Bo 
3.18 
6.05 


eo 


STUDENT COOK’S 


2.01 
26 L7 
0.94 
1.46 
2645 
* Spray Dist 
* Angle 
* Current 
* Pressure 
* Spray Dist*2 
* Angle me 
* Current’*2 
* Pressure*2 
* Spray Dist * Angle 
* Spray Dist * Current 
* Spray Dist * Pressure 
* Angle * Current 
* Angle * Pressure 
* Current * Pressure 
RESIDUAL LEVER RESID 
0.18 0.980 0.914 
0.62 0.492 0.611 
~0.21 0.986 -1.264 
0.97 0.751 Lasio 
0.18 0.980 0.914 
-0.61 0.919 -1.510 
-0.61 0.919 ~-1.510 
-0.21 0.986 -1.264 
0.18 0.980 0.914 
~0.58 0.492 -0.581 
2.02 0.141 1.542 
0.64 0.872 1.264 
=0.55 0.821 -0.914 
-~0.88 0.141 -0.672 
0.64 0.872 1.264 
0.64 0.872 1.264 
sae! ae Oe 0.141 -0.901 
0.64 0.872 1.264 
-0.55 0.821 -0.914 
-0.78 0.141 -0.596 
-0.55 0.821 -0.914 
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DIST 


2.746 
0.024 
7.394 
0.381 
2.746 
1.720 
1.720 
7.394 
2.746 
0.022 
0.026 
0.727 
0.256 
0.005 
0.727 
0.727 
0.009 
0.727 
0.256 
0.004 
0.256 


0.0324 
0.0227 
0.3588 
0.1043 
0.0209 


t 


0.900 
0.576 
-1.347 
1.522 
0.900 
-1.750 
-1.750 
-1.347 
0.900 
-0.546 
1.812 
1.347 
-0.900 
-0.638 
1.347 
1.347 
-0.885 
1.347 
-0.900 
-0.561 
-0.900 


OUTLIER Run 


Ord 


WOON A OP WD 


Table D5. 3/16" Aluminum Statistical Analysis of Porosity 
Sequential Model Sum of Squares 
SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN 2028.6 1 2028.6 
Linear 203.3 4 50.8 3.888 0.0216 
Quadratic 68.7 10 6.9 0.2935 0.9575 
Cubic 27e«d 2 Ls<5 0.4779 0.6515 
RESIDUAL 113.4 4 28.3 
TOTAL 2441.1 21 
Lack of Fit Tests 
SUM OF MEAN F 
MODEL SQUARES DF SQUARE VALUE PROB > F 
Linear 9543 12 8.0 0.2816 0.9608 
Quadratic 27.1 2 L3sD 0.4779 0.6515 
Cubic 0.0 0 
PURE ERR 113.4 4 28.3 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT ADJ 
SOURCE TERMS DF MSE R-SQR R-SQR PRESS 
Linear 5 16 3.62 0.4929 0.3661 370.54 
Quadratic 15 6 4.84 0.6594 -0.1352 4597.98 
Cubic 17 4 5.32 0.7251 -0.3744 
Case(s) with leverage of 1.0000: PRESS statistic not defined. 
ANOVA for Quadratic Model 
SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MODEL 272.0 14 19.43 0.8299 0.6404 
RESIDUAL 140.5 6 23.41 
Lack Of Fit 27 ak 2 13.54 0.4779 0.6515 
Pure Error 113.4 4 28.34 
COR TOTAL 412.4 20 
ROOT MSE 4.84 R-SQUARED 0.6594 
DEP MEAN 9.83 ADJ R-SQUARED -0.1352 
C.V. 49.23% 
Predicted Residual Sum of Squares (PRESS) = 4598.0 
INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE ESTIMATE DF ERROR COEFFICIENT=0 PROB > | t | 
Intercept 9.63 1 1.82 5.302 
A Zed dL 2.87 0.8775 0.4140 
B 24.28 1 8.98 ~0.2464 0.8136 
Cc =3.20 1 3.42 -0.9353 0.3857 
D 2495 1 D37 3.42 -0.8623 0.4217 


AB -0.57 1 6.56 -8.70E-02 0.9335 
AC -1.42 1 6.89 -0.2058 0.8438 
AD -2.27 1 7.44 -0.3053 0.7705 
BC -0.02 1 Seed -7.13E-03 0.9945 
BD -0.85 1 4.99 -0.1702 0.8704 
CD -2.00 1 7.37 -0.2715 0.7951 
Final Equation in Terms of Actual Factors: 
Porosity = 
-239.19 
+ 13.883 * Spray Dist 
+ 0.37079 * Angle 
+ 0.24054 * Current 
+ 2.9714 * Pressure 
- 0.16989 * Spray Dist*2 
- 6.838E-05 * Angle m2 
_ 4.140E-05 * Current’%2 
- 7.724E-03 * Pressure%2 
- 8.449E-03 * Spray Dist * Angle 
- 4.722E-03 * Spray Dist * Current 
_ 7.574E-02 * Spray Dist * Pressure 
= 1.019E-05 * Angle * Current 
= 3.772E-03 * Angle * Pressure 
- 2.001E-03 * Current * Pressure 
Obs ACTUAL PREDICTED STUDENT COOK’S OUTLIER Run 
Ord VALUE VALUE RESIDUAL LEVER RESID DIST t Ord 
1 5.10 5.60 -0.50 0.980 -0.728 1.741 -~-0.696 1 
2 1.90 5.59 -3.69 0.492 -1.069 0.074 -1.085 2 
3 4.40 4.83 -0.43 0.986 -0.741 2.544 -0.710 3 
4 8.30 8.94 -0.64 0.751 -0.263 0.014 -0.242 4 
5 9.70 10.20 ~0.50 0.980 ~-0.728 1.741 -0.696 5 
6 16.30 16.66 ~0.36 0.919 ~-0.260 0.051 -0.238 6 
7 8.00 8.36 -0.36 0.919 -0.260 0.051 -+-0.238 7 
8 10.40 10.83 ~0.43 0.986 -0.741 2.544 -0.710 8 
9 18.30 18.80 -0.50 0.980 -0.728 1.741 -0.696 9 
10 10.20 5.59 4.61 0.492 Lesa 0.116 1.457 10 
11 11.40 9.63 1.77 0.141 0.394 0.002 0.365 11 
12 11.90 10.62 1.28 0.872 0.741 0.250 0.710 12 
13 13.30 12.81, 1.49 0.821 0.728 0.162 0.696 13 
14 6.50 9.63 =3413 0.141 ~0.698 0.005 -0.665 14 
15 15.20 13.92 1.28 0.872 0.741 0.250 0.710 15 
16 13.70 12.42 1.28 0.872 0.741 0.250 0.710 16 
17 12.50 9.63 2.87 0.141 0.640 0.004 0.605 17 
18 7.30 6.02 1.28 0.872 0.741 0.250 0.710 18 
19 13.30 11.81 1.49 0.821 0.728 0.162 0.696 19 
20 1.30 9.63 -8.33 0.141 -1.858 0.038 -2.603 20 
21 7.40 5.91 1.49 0.821 0.728 0.162 0.696 21 
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Table D6. 3/16" Aluminum Statistical Analysis of Roughness 
Sequential Model Sum of Squares 


SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN 6556.1 1 6556.1 
Linear 172.1 4 43.0 7.673 0.0012 
Quadratic 76.0 10 7.6 3.322 0.0775 
Cubic 1.2 2 0.6 0.1986 0.8275 
RESIDUAL 12.5 4 3.1 
TOTAL 6817.8 21 
Lack of Fit Tests 
SUM OF MEAN F 
MODEL SQUARES DF SQUARE VALUE PROB > F 
Linear Liee 12 6.4 2.062 0.2532 
Quadratic se 2 0.6 0.1986 0.8275 
Cubic 0.0 0 
PURE ERR 12.5 4 3.1 


ANOVA Summary Statistics of Models Fit 


UNALIASED RESID ROOT ADJ 
SOURCE TERMS DF MSE R~-SQR R-SQR PRESS 
Linear 5 16 2.37 0.6573 0.5716 218.35 
Quadratic © 15 6 1.51 0.9476 0.8253 267.54 
Cubic 17 4 Let 0.9523 0.7616 


Case(s) with leverage of 1.0000: PRESS statistic not defined. 


ANOVA for Quadratic Model 


SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MODEL 248.0 14 17.72 7.747 0.0095 
RESIDUAL 13.7 6 2.29 
Lack Of Fit 1.2 2 0.62 0.1986 0.8275 
Pure Error 1235 4 Sigcke 
COR TOTAL 261.7 20 
ROOT MSE LoS. R-SQUARED 0.9476 
DEP MEAN 17.67 ADJ R-SQUARED 0.8253 
C.V. 8.56% 


Predicted Residual Sum of Squares (PRESS) = 267.5 


INDEPENDENT COEFFICIENT STANDARD t FOR HO 

VARIABLE ESTIMATE DF ERROR COEFFICIENT=0 PROB > | t | 
Intercept 14.70 1 0.57 25.89 

A 0.04 1 0.90 4.03E-02 0.9692 

B “1.21 1 2.81 -0.4313 0.6813 

Cc -2.54 1 1.07 =—24 3590 0.0548 

D -0.41 1 D39 1.07 -0.3834 0.7146 


2.11 
2.34 
=Z.04 
-2./9 
0.31 
-4.98 


PRP PPP 


Final Equation in Terms of Actual Factors: 


Obs 
Ord 


OANA OLWNDN 


Ra Rough. = 


t+e+t+etteetul 


+ 


ACTUAL 
VALUE 


17.41 
15.22 
26.44 
18.04 
18.36 
19.49 
19.11 
19.45 
24.78 
17.36 
12.36 
16.58 
16.93 
14.35 
23.12 
17.25 
16.18 
12.16 
LoeoLl 
16.26 
14.69 


-69.25 
2.0523 
0.55554 
0.52584 
0.61061 
0.18556 
2.877E-03 
1.688E-05 
8.367E-03 
3.126E-02 
7.792E~-03 
7.817E-02 
1.238E-03 
1.358E-03 
4.982E-03 


PREDICTED 
VALUE 


Lt a26 
16.33 
26.50 
17.49 
18.21 
19.75 
19.37 
19.51 
24.63 
16.33 
14.70 
16.41 
17.37 
14.70 
22.95 
17.08 
14.70 
11.99 
15.95 
14.70 
15.13 


2«05 1.030 
2eL5 1.086 
2659 -~1.008 
1.00 =2: 113 
1.56 0.1961 
2.30 -2.162 
* Spray Dist 
* Angle 
* Current 
* Pressure 
* Spray Dist*2 
* Angle w2 
* Current’%2 
* Pressure%*2 
* Spray Dist * Angle 
* Spray Dist * Current 
* Spray Dist * Pressure 
* Angle * Current 
* Angle * Pressure 
* Current * Pressure 
RESIDUAL LEVER RESID 
0.15 0.980 0.682 
ee 0.492 -1.033 
-0.06 0.986 -0.322 
0.55 0.751 0.732 
0.15 0.980 0.682 
-~0.26 0.919 -0.607 
-0.26 0.919 ~0.607 
-0.06 0.986 -0.322 
0.15 0.980 0.682 
1403 0.492 0.952 
-2.34 0.141 ~-1.669 
0.17 0.872 0.322 
-0.44 0.821 -0.682 
=0.35 0.141 -0.250 
0.17 0.872 0.322 
0.17 0.872 0.322 
1.48 0.141 1.056 
0.17 0.872 0.322 
-0.44 0.821 -0.682 
1.56 0.141 1.113 
-0.44 0.821 -0.682 
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0.3429 
0.3191 
0.3523 
0.0323 
0.8510 
0.0739 


STUDENT COOK’S OUTLIER Run 


DIST 


E2929 
0.069 
0.480 
0.107 
1.529 
0.278 
0.278 
0.480 
1.529 
0.059 
0.030 
0.047 
0.142 
0.001 
0.047 
0.047 
0.012 
0.047 
0.142 
0.014 
0.142 


t 


0.648 
~1.040 
-0.296 

0.700 

0.648 
-0.572 
-0.572 
-~0.296 

0.648 

0.943 
-2.082 

0.296 
-0.648 
~-0.229 

0.296 

0.296 

1.068 

0.296 
~0.648 

1.141 
-0.648 


Ord 
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Table D7. Minitab Analysis for 3/16" Aluminum 
MTB > REGRESS C6 20 C1-C5 C7-C21; 
SUBC> RESIDUALS C22. 


The regression equation is 
CML = - 0.158 + 0.0071 P + 0.0145 O +0.000000 BS2 -0.000069 R2 -0.000320 p2 


~ 0,00136 02 +0.000012 MH2 + 74.6 1/BS + 0.027 1/R + 0.162 1/P 
- 0.009 1/0 - 0.139 1/P2 + 0.0383 1/02 


Predictor Coef Stdev t-ratio p 

Constant -0.1583 0.2308 ~0.69 0.515 

Pp 0.00707 0.01043 0.68 0.519 

O 0.01452 0.01672 0.87 0.414 

BS2 0.00000005 0.00000004 1.16 0.282 

R2 -0.00006895 0.00005369 -1.28 0.240 

P2 -0.0003203 0.0004076 -0.79 0.458 

O02 -0.001359 0.001234 -1.10 0.307 

MH2 0.00001152 0.00002557 0.45 0.666 

1/BS 74.56 93.60 0.80 0.452 

1/R 0.0270 0.6572 0.04 0.968 

1/P 0.1625 0.2286 0.71 0.500 

1/0 -0.0088 0.1102 -0.08 0.939 

1/P2 -0.1385 0.2008 ~0.69 0.513 

1/02 0.03829 0.04850 0.79 0.456 

S = 0.008907 R-sq = 90.6% R-sq(adj) = 73.2% 

Analysis of Variance 

SOURCE DF ss MS F p 

Regression 13 0.00536897 0.00041300 5421 0.018 

Error 7 0.00055534 0.00007933 

Total 20 0.00592432 

SOURCE DF SEQ SS 

P lL 0.00070305 

O 1 0.00007135 

BS2 1 0.00081434 

R2 1 0.00230348 

P2 1 0.00012037 

02 1 0.00001352 

MH2 l1 0.00036561 

1/BS 1 0.00001308 

1/R 1 0.00002206 

1/P 1 0.00007662 

1/0 1 0.00076386 

1/P2 1 0.00005219 

1/02 1 0.00004945 

Unusual Observations 

Obs. P CML Fit Stdev.Fit Residual St.Resid 
20 1.3 0.05890 0.05887 0.00890 0.00003 0.08 X 


X denotes an obs. whose X value gives it large influence. 


RESIDUALS 
~0.0059443 -0.0001744 0.0045388 0.0035083 0.0019615 -0.0004366 
0.0003057 0.0011575 0.0029683 -0.0021148 0.0016193 -0.0101025 
0.0059839 0.0020455 ~-0.0119288 -0.0016474 0.0011412 ~-0.0064254 
0.0114855 0.0000280 0.0020307 
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Appendix E. Results for the 1/8" Zinc Wire System 


Figures E1-E21: Photomicrographs E1-E21 
Figures E22-E27: Perturbation Plots 
Tables E1-E6: Design Expert Analysis 
Table E7: Minitab Analysis 
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PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-1Z 


Figure El. Photomicrograph of Coating Z1 (1/8" zinc) 
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Figure E2. Photomicrograph of Coating Z2 (1/8" zinc) 
E3 
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Figure E3. Photomicrograph of Coating Z3 (1/8" zinc) 
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Figure E4. Photomicrograph of Coating Z4 (1/8" zinc) 
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Figure E5. Photomicrograph of Coating Z5 (1/8" zinc) 
E6 
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Figure E6. Photomicrograph of Coating Z6 (1/8" zinc) 
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Figure E7. Photomicrograph of Coating 27 (1/8" zinc) 
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Figure E8. Photomicrograph of Coating Z8 (1/8" zinc) 
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Figure E9. Photomicrograph of Coating Z9 (1/8" zinc) 
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Figure E10. Photomicrograph of Coating 210 (1/8" zinc) 
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Figure Ell. Photomicrograph of Coating Z11 (1/8" gine) 
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Figure E12. Photomicrograph of Coating Z12 (1/8" zinc) 
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Figure E13. Photomicrograph of Coating 213 (1/8" zinc) 
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Figure £14. Photomicrograph of Coating 214 (1/8" zinc) 
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Figure E15. Photomicrograph of Coating 215 (1/8" zinc) 
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Figure E16. Photomicrograph of Coating Z16 (1/8" zinc) 
E17 


PROTECH LAB CORP. 


Materials Testing Services 





9940 Reading Road, Cincinnati, Ohio 45241, Phone: 513 563-5005 Fax 563-5004 








PAGE _2 (CF 3 





PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-17Z 


Figure E17. Photomicrograph of Coating Z17 (1/8" zinc) 
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Figure E18. Photomicrograph of Coating Z18 (1/8" zinc) 
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PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-19Z 


Figure E19. Photomicrograph of Coating 219 (1/8" zinc) 
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Figure E20. Photomicrograph of Coating 220 (1/8" zinc) 
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Figure E21. Photomicrograph of Coating Z21 (1/8" zinc) 
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DESIGN-EXPERT Analysis 





Model: 
Quadratic 
Response: 1108-- 
Z Bond Str 
Coded variables: uF 
A = Spray Dist iis 
B = Angle 
C = Current 1017-+- 
D = Pressure 5 
5 971+. 
ml 
926+ 
880-+- 
834+ 
-1.000 -0.667 -0.333 0.000 0.333 0.687 1.000 
68/09/08 11:23:31 Factor Range 


Figure E22. Bond Strength Parameter Plot for 1/8" Zn Coatings 
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DESIGN-EXPERT Analysis 





Model: 
Quadratic 
Response: 13.55+ 
Ra Rough. 
Coded variables: 19 66+. 
A = Spray Dist 
B = Angle 
C = Current 11.77+ 
D = Pressure < 
2 10.88+ 
o 
9.99-+- 
9.10+ 
8.21+ 
-1.000 -0.667 -0.333 0.000 0.333 0.667 1.000 
$a/05/e8 11:24:32 Factor Range 


Figure E23. Roughness Parameter Plot for 1/8" Zn Coatings 
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DESIGN-EXPERT Analysis 





Model: 
Quadratic 
Response: 12.14-+- 
Porosity 
Coded variables: : 
A = Spray Dist ee 
B = Angle 
C = Current 8.41+- 
D = Pressure > 
8 6.554. 
o 
4.69-+- 
2.82-+- 
0.96-+- 
-1.000 -0.667 -0.333 0.000 0.333 0.667 1.000 
Sa/OS/e8 11:25:02 Factor Range 


Figure E24. Porosity Parameter Plot for 1/8" Zn Coatings 
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DESIGN-EXPERT Analysis 


Model: 
Quadratic 


Response: 
Oxides 


Coded variables: 
A = Spray Dist 
B = Angle 

C = Current 

D = Pressure 





-1.000 -0.667 -0.333 0.000 0.333 0.6867 1.000 


68/09/08 11:25:46 Factor Range 


Figure E25. Oxides Parameter Plot for 1/8" Zn Coatings 
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Model: DESIGN-EXPERT Analysis 
Quadratic 





Response: 32.48 -- 
Microhard 
Coded variables: L 
A = Spray Dist sic 
B = Angle 
C = Current 27.69-++- 
D = Pressure = 
= 25.30+ 
2 
22.90+- 
20.51+ 
18.12+ 
-1.000 -0.667 -0.333 0.000 0.333 0.667 1.000 
65/09/88 11:26:40 Factor Range 


Figure E26. Hardness Parameter Plot for 1/8" Zn Coatings 
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Model: DESIGN-EXPERT Analysis 
Quadratic 


Response: 
CumMassLoss 


Coded variables: 
A = Spray Dist 
B = Angle 

C = Current 

D = Pressure 


CumMassLosg 





- 1.000 -0.667 -0.333 0.000 0.333 0.667 1.000 


60/14/06 14:04:23 Factor Range 


Figure E27. CML Parameter Plot for 1/8" Zn Coatings 
E28 


Table El. 1/8" Zinc Statistical Analysis of Bond Strength 
Sequential Model Sum of Squares 
SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE 
MEAN 18868992.2 1 18868992.2 
Linear 141659.0 4 35414.8 3.743 
Quadratic 147887.9 10 14788.8 25.33 
Cubic 2542.1 2 1271.1 5.292 
RESIDUAL 960.8 4 240.2 
TOTAL 19162042.0 21 
Lack of Fit Tests 
SUM OF MEAN F 
MODEL SQUARES DF SQUARE VALUE 
Linear 150430.1 12 12535.8 52.19 
Quadratic 2542.1 2 L27 isl 5.292 
Cubic 0.0 0 
PURE ERR 960.8 4 240.2 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT ADJ 
SOURCE TERMS DF MSE R-SQR R~-SQR 
Linear 5 16 97.3 0.4834 0.3542 
Quadratic 15 6 24.2 0.9880 0.9602 
Cubic 17 4 15.5 0.9967 0.9836 
Case(s) with leverage of 1.0000: PRESS statistic not defined. 
ANOVA for Quadratic Model 
SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE 
MODEL 289546.9 14 20681.9 35.43 
RESIDUAL 3502.9 6 583.8 
Lack Of Fit 2542.1 2 12.7 Ae 5.292 
Pure Error 960.8 4 240.2 
COR TOTAL 293049.8 20 
ROOT MSE 24.2 R-SQUARED 0.9880 
DEP MEAN 947.9 ADJ R-SQUARED 0.9602 
Cuvee 2.55% 
Predicted Residual Sum of Squares (PRESS) = 531090.6 
INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE ESTIMATE DF ERROR COEFFICIENT=0 
Intercept 948.7 Af 91. 104.6 
A -71.4 1 14.3 -4.988 
B -49.6 1 44.8 =< 107 
Cc 127.0 1 17.1 7.433 
D -30.5 1 17.1 -1.785 
A2 -46.2 1 14.3 -3.220 
B2 ~J2.2 1 24.5 -2.948 
C2 40.4 1 13.9 2.903 
D2 109.9 1 Loe2Z 8.331 
AB -~78.4 1 E29 32.7 =2.392 


PROB > F 


0.0247 
0.0004 
0.0752 


PROB > F 


0.0008 
0.0752 


PRESS 


316351.0 
531090.6 


PROB > F 


0.0001 


0.0752 


PROB > |t| 


0.0025 
0.3108 
0.0003 
0.1245 
0.0181 
0.0257 
0.0272 
0.0002 
0.0538 


CD 


Final Equation in Terms of Actual Factors: 


Obs 
Ord 


WOON AO FP WN 


Z Bond Str 


+ 


[r+ 


+etti 


ACTUAL 
VALUE 


1223.0 
978.0 
917.0 

1008.0 

1059.0 
836.0 
876.0 
927.0 
713.0 
968.0 
958.0 
815.0 
937.0 
948.0 
743.0 
846.0 
937.0 

1100.0 

1100.0 
978.0 

1039.0 


193.8 


21028.5 
268.04 
33.047 
20.385 
333.14 
5.1340 

0.14264 

4.040E-03 
1.0991 
1.1608 

0.39326 
5.7876 

3.315E-02 

0.10734 

0.19383 


PREDICTED 
VALUE 


1226.6 
973.9 
911.6 

1029.6 

1062.6 
821.6 
861.6 
921.6 
716.6 
97369 
948.7 
831.1 
926.1 
948.7 
759.1 
862.1 
948.7 

1116.1 

1089.1 
948.7 

1028.1 


5.265 


STUDENT COOK’S 


1 36.8 
* Spray Dist 
* Angle 
* Current 
* Pressure 
* Spray Dist%2 
* Angle a2 
* Current’*2 
* Pressure%*2 
* Spray Dist * Angle 
* Spray Dist * Current 
* Spray Dist * Pressure 
* Angle * Current 
* Angle * Pressure 
* Current * Pressure 
RESIDUAL LEVER RESID 
-3.6 0.980 -1.069 
4.1 0.492 0.241 
5.4 0.986 1.860 
~21.6 0.751 -1.793 
-3.6 0.980 ~1.069 
14.4 0.919 2.085 
14.4 0.919 2.085 
5.4 0.986 1.860 
-3.6 0.980 -1.069 
-5.9 0.492 -0.340 
9.3 0.141 0.417 
-16.1 0.872 ~-1.860 
10.9 0.821 1.069 
-0.7 0.141 -0.030 
-16.1 0.872 -1.860 
-16.1 0.872 -1.860 
i ed ay 0.141 -0.521 
-16.1 0.872 -1.860 
10.9 0.821 1.069 
29.3 0.141 1.310 
10.9 0.821 1.069 


E30 


DIST 


3.752 
0.004 
16.010 
0.646 
32/52 
3.279 
3.279 
16.010 
3.752 
0.007 
0.002 
1.574 
0.349 
0.000 
1.574 
1.574 
0.003 
1.574 
0.349 
0.019 
0.349 


0.0019 


c 


-1.084 
0.221 
2.609 

~2.403 

-1.084 
3.623 
3.623 
2.609 

-1.084 

-~0.313 
0.386 

-2.609 
1.084 

-0.027 

-2.609 

-2.609 

-~0.487 

-2.609 
1.084 
1.415 
1.084 


OUTLIER Run 


Ord 


WOON AOL WN FP 


Table E2. 1/8" Zinc Statistical Analysis of CML 
Sequential Model Sum of Squares 
SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN 0.146818 1 0.146818 
Linear 0.002672 4 0.000668 2.667 0.0705 
Quadratic 0.002770 10 0.000277 1.344 0.3726 
Cubic 0.000582 2 0.000291 1.775 0.2807 
RESIDUAL 0.000655 4 0.000164 
TOTAL 0.153497 21 
Lack of Fit Tests 
SUM OF MEAN F 
MODEL SQUARES DF SQUARE VALUE PROB > F 
Linear 0.003352 12 0.000279 1.705 0.3214 
Quadratic 0.000582 2 0.000291 1.775 0.2807 
Cubic 0.000000 0 
PURE ERR 0.000655 4 0.000164 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT ADJ 
SOURCE TERMS DF MSE R-SQR R-SQR PRESS 
Linear 5 16 0.01583 0.4000 0.2500 0.00748 
Quadratic 15 6 0.01436 0.8148 0.3827 0.12167 
Cubic 17 4 0.01280 0.9019 0.5094 
Case(s) with leverage of 1.0000: PRESS statistic not defined. 
ANOVA for Quadratic Model 
SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MODEL 0.005442 14 0.00039 1.886 0.2235 
RESIDUAL 0.001237 6 0.00021 
Lack Of Fit 0.000582 2 0.00029 1.775 0.2807 
Pure Error 0.000655 4 0.00016 
COR TOTAL 0.006678 20 
ROOT MSE 0.01436 R-~SQUARED 0.8148 
DEP MEAN 0.08361 ADJ R~SQUARED 0.3827 
C.V. 17.17% 
Predicted Residual Sum of Squares (PRESS) = 0.121667 
INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE ESTIMATE DF ERROR COEFFICIENT=0 PROB > | t | 
Intercept 0.08608 1 0.00539 15.97 
A 0.00414 1 0.00850 0.4870 0.6436 
B 0.02732 1 0.02664 1.026 0.3446 
Cc ~0.01085 1 0.01015 -1.069 0.3263 
D 0.00170 1 0.01015 0.1675 0.8725 
A2 -0.02004 1 0.00853 -2.350 0.0571 
B2 0.02629 1 0.01455 1.806 0.1209 
C2 -0.00995 1 0.00827 -1.203 0.2743 
D2 -0.00124 1 0.00784 -0.1576 0.8799 
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Table E2. 


1/8" Zinc Statistical Analysis of CML 


0.02689 
0.01757 
-0.02178 
0.01144 
-0.01440 


PRP PP 


0.02043 
0.02208 
0.00954 
0.01480 
0.02188 


Final Equation in Terms of Actual Factors: 


OO 
Ko 
Oo 


OON AO PWN 


CumMassLoss 


-- 


+ 


Ptr tete 


ACTUAL 
VALUE 


0.08740 
0.08040 
0.06640 
0.08330 
0.07800 
0.08720 
0.08270 
0.07390 
0.10910 
0.04490 
0.07790 
0.07840 
0.08130 
0.08490 
0.14480 
0.09520 
0.08220 
0.07350 
0.07940 
0.08220 
0.08280 


5. 
1. 
2. 
2. 
2. 
5. 
9. 
1. 
1. 
8. 
5. 
9. 
5. 
1. 


0.52931 
861E-02 
084E-02 
092E-03 
164E-03 
226E-03 
193E-05 
945E-07 
236E-05 
127E-04 
962E-05 
856E-04 
682E-06 
O82E-05 
440E-05 


PREDICTED 
VALUE 


0.08615 


0.0 
0.0 
0.0 
0.0 
0.0 


6191 
6914 
7408 
7675 
9392 


0.08942 
0.07664 
0.10785 
0.06191 


0.0 
0.0 
0.0 


8608 
7019 
8505 


0.08608 
0.13659 
0.08699 
0.08608 
0.06529 


0.0 
0.0 


8315 
8608 


0.08655 


1.316 
0.7955 
-2.284 
0.7729 

-0.6581 


DIST 


1.251 
0.211 
1.849 
0.332 
1.251 
2.038 
2.038 
1.849 
1.251 
0.178 
0.004 
1.165 
0.116 
0.000 
1.165 
1.165 
0.001 
1.165 
0.116 
0.001 


* Spray Dist 

* Angle 

* Current 

* Pressure 

* Spray Dist“*2 

* Angle <2 

* Current’*2 

* Pressure%’*2 

* Spray Dist * Angle 

* Spray Dist * Current 

* Spray Dist * Pressure 
* Angle * Current 
* Angle * Pressure 

* Current * Pressure 

STUDENT COOK’S 

RESIDUAL LEVER RESID 
0.00125 0.980 0.617 
0.01849 0.492 1.807 

-0.00274 0.986 -1.600 1 
0.00922 0.751 1.287 
0.00125 0.980 0.617 

-0.00672 0.919 -1.644 

-0.00672 0.919 -1.644 

-~0.00274 0.986 -1.600 1 
0.00125 0.980 0.617 

-0.01701 0.492 -1.662 

-0.00818 0.141 -0.615 
0.00821 0.872 1.600 

-0.00375 0.821 -0.617 

-0.00118 0.141 -0.089 
0.00821 0.872 1.600 
0.00821 0.872 1.600 

-~0.00388 0.141 -0.292 
0.00821 0.872 1.600 

-0.00375 0.821 -0.617 

-0.00388 0.141 -0.292 

-0.00375 0.821 -0.617 


E32 


0.116 


0.2362 
0.4566 
0.0624 
0.4689 
0.5349 


OUTLIER Run 


t 


0.582 
2.444 
-1.929 
1.380 
0.582 
-~2.024 
-2.024 
-1.929 
0.582 
-2.065 
-0.580 
1.929 
-0.582 
~0.081 
1.929 
1.929 
-0.268 
1.929 
-0.582 
-0.268 
-0.582 


Ord 


OON A Of WD 


Table E3. 


Sequential Model Sum of Squares 


SOURCE 


MEAN 
Linear 
Quadratic 
Cubic 
RESIDUAL 
TOTAL 


Lack of Fit Tests 


MODEL 


Linear 
Quadratic 
Cubic 
PURE ERR 


ANOVA Summary Statistics of Models Fit 


SOURCE 


Linear 
Quadratic 
Cubic 


Case (s) with leverage of 1.0000: 


SOURCE 


MODEL 
RESIDUAL 
Lack Of Fit 

Pure Error 
COR TOTAL 


ROOT MSE 
DEP MEAN 
C.V. 


Predicted Residual Sum of Squares 


INDEPENDENT 
VARIABLE 


Intercept 


1/8" Zine Statistical Analysis of Microhardness 


SUM OF MEAN F 
SQUARES DF SQUARE VALUE 
16107.6 1 16107.6 
61.2 4 SB ees | 1.944 
67.3 10 6.7 0.6892 
33.9 2 17.0 2.750 
24.7 4 6.2 

16294.7 21 

SUM OF MEAN F 

SQUARES DF SQUARE VALUE 
101.2 12 8.4 1.368 
33.9 2 17.0 2/50 
0.0 0 
24.7 4 6.2 
UNALIASED RESID ROOT ADJ 
TERMS DF MSE R~-SOR R-SOR 
5 16 2.81 0.3270 0.1588 
15 6 36S 0.6868 -0.0440 
17 4 2.48 0.8681 0.3407 
PRESS statistic not defined. 
ANOVA for Quadratic Model 
SUM OF MEAN F 
SQUARES DF SQUARE VALUE 
128.5 14 9.18 0.9398 
58.6 6 9.77 
33.9 2 16.97 2./50 
24.7 A 6.17 
187.1 20 
i ae R-SQUARED 0.6868 
27.70 ADJ R-SQUARED -0.0440 
11.28% 
(PRESS) = 5629.8 
COEFFICIENT STANDARD t FOR HO 
ESTIMATE DF ERROR COEFFICIENT=0 
28.05 1 Lel7 23.91 
1.86 1 1.85 1.002 
-7.48 1 5.80 -1.290 
-1.10 1 Zeal -0.4978 
-0.25 1 2.21 ~0.1131 
-0.25 1 1.86 -0.1326 
-2.99 1 i orl aff -0.9434 
-2.89 1 1.80 -1.606 
—-1.56 1 E33 1.71 -0.9120 


PROB > F 


0.1521 
0.7129 
0.1772 


PROB > F 


0.4121 
0.1772 


PRESS 


196.01 
5629.80 


PROB > F 
0.5719 


0.1772 


PROB > |t| 


0.3548 
0.2445 
0.6364 
0.9136 
0.8988 
0.3819 
0.1594 
0.3969 


BD 
CD 


1.08 
= 1.09 


Final Equation in Terms of Actual Factors: 


Obs 
Ord 


WOON AO WN FH 


Microhard = 


Lh ae ae ee 


i+ 


(+t 


ACTUAL 
VALUE 


24.40 
27.10 
28.20 
29.90 
24.30 
30.20 
26.30 
28.50 
33.10 
23.80 
31.10 
28.00 
31.20 
26.50 
29.40 
24.60 
32.40 
22.40 
25.40 
29.90 
24.90 


-251.43 
9.5450 
3.025E-02 
0.38231 
3.6725 
2.735E-02 
5.904E-03 
2.890E-04 
1.556E-02 
2.214E-02 
9.662E-03 
7.045E-02 
5.937E-05 
4.799E-03 
1.094E-03 


PREDICTED 
VALUE 


23-95 
25.95 
27.65 
29.66 
23.85 
29.54 
25.64 
27.95 
32.65 
25.95 
28.05 
29.66 
32.55 


28.05 
31.06 
26.26 
28.05 
24.06 
26.75 
28.05 
26.25 


0.7489 
0.8260 


STUDENT COOK’S OUTLIER Run 


1 JeZe 0.3352 
1 4.76 -0.2297 
* Spray Dist 
* Angle 
* Current 
* Pressure 
* Spray Dist%*2 
* Angle “2 
* Current’*2 
* Pressure’*2 
* Spray Dist * Angle 
* Spray Dist * Current 
* Spray Dist * Pressure 
* Angle * Current 
* Angle * Pressure 
* Current * Pressure 
RESIDUAL LEVER RESID DIST 
0.45 0.980 1.019 3.411 
Lek 0.492 0.515 0.017 
0.55 0.986 1.489 10.262 
0.24 0.751 0.153 0.005 
0.45 0.980 1.019 3.411 
0.66 0.919 0.741 0.414 
0.66 0.919 0.741 0.414 
0.55 0.986 1.489 10.262 
0.45 0.980 1.019 3.411 
=2.15 0.492 -0.966 0.060 
3.05 0.141 1.052 0.012 
-1.66 0.872 -1.489 1.009 
=1539 0.821 -1.019 0.317 
=1:255 0.141 -0.536 0.003 
-1.66 0.872 -1.489 1.009 
-1.66 0.872 -1.489 1.009 
4.35 0.141 1.500 0.025 
-1.66 0.872 --1.489 1.009 
1s O 0.821 -1.019 0.317 
1.85 0.141 0.637 0.004 
“1.35 0.821 -1.019 0.317 


E34 


t 


1.023 
0.481 
1.712 
0.140 
1.023 
0.710 
0.710 
1.712 
1.023 
-0.960 
1.063 
“ls 712 
~1.023 
-0.502 
-1.712 
=1.712 
1.733 
-1.712 
=-1.023 
0.603 
-1.023 


Ord 


OON AO PWN PE 


Table E4. 


Sequential Model Sum of Squares 


SOURCE 


MEAN 
Linear 
Quadratic 
Cubic 
RESIDUAL 
TOTAL 


Lack of Fit Tests 


MODEL 


Linear 
Quadratic 
Cubic 
PURE ERR 


SUM OF 


SQUARES 


328.05 
15.59 
27.41 
10.25 
22.13 

403.42 


SUM OF 


SQUARES 


37.66 
10.25 

0.00 
22.13 


DF 


m ON N 


1/8" Zinc Statistical Analysis of Oxides 


ANOVA Summary Statistics of Models Fit 


SOURCE 


Linear 
Quadratic 
Cubic 


TERMS 


5 
15 
17 


UNALIASED RESID 


DF 


16 
6 
4 


Case(s) with leverage of 1.0000: 


SOURCE 


MODEL 
RESIDUAL 
Lack Of Fit 

Pure Error 
COR TOTAL 


ROOT MSE 
DEP MEAN 
C.V. 


SUM OF 


SQUARES 


43.00 
32.37 


10.25 
22.13 


75.37 


2.323 
3.952 


58.77% 


ANOVA for Quadratic Model 


DF 


Predicted Residual Sum of Squares 


INDEPENDENT 
VARIABLE 


Intercept 


COEFFICIENT 
ESTIMATE 


4.112 
0.737 
0.325 
-0.750 
1.600 
1.054 
0.085 
-0.659 
-0.540 


DF 


PRR PRP RE PPP 


MEAN F 
SQUARE VALUE PROB > F 
328.05 

3.90 1.043 0.4159 
2.74 0.5080 0.8358 
5.12 0.9261 0.4672 
5.53 

MEAN F 

SQUARE VALUE PROB > F 
3.14 0.5673 0.7989 
5212 0.9261 0.4672 
553 
ROOT ADJ 
MSE R-SQR R-SQR PRESS 
1.933 0.2068 0.0085 109.988 
2.323 0.5705 -0.4317 1874.753 
2.352 0.7064 -0.4679 
PRESS statistic not defined. 

MEAN F 
SQUARE VALUE PROB > F 

3.071 0.5692 0.8196 

5.396 

52123 0.9261 0.4672 

5.532 

R-SQUARED 0.5705 
ADJ R-SQUARED -0.4317 
(PRESS) = 1874.75 
STANDARD t FOR HO 
ERROR COEFFICIENT=0 PROB > |t| 

0.872 4.715 

1.376 0.5356 0.6115 

4.310 7.54E-02 0.9423 

1.642 -0.4566 0.6640 

1.642 0.9741 0.3676 

1.379 0.7643 0.4736 

2.355 3.62E-02 0.9723 

1.338 -0.4925 0.6399 

E35 1.268 -0.4255 0.6853 


BD 
CD 


2.069 
-0.746 


1 2.394 
1 33039 


Final Equation in Terms of Actual Factors: 


Obs 
Ord 


WOON AO WD ~ 


Oxides 


(++++1 4 


+ 


a+ 


ACTUAL 
VALUE 


2.000 
3.700 
4.900 
2.400 
1.400 
3.200 
3.900 
7.200 
6.900 
4.700 
7.900 
4.800 
3.600 
2.400 
2.700 
3.100 
6.800 
1.600 
1.700 
3.200 
4.900 


~53.453 
2.2229 
0.98335 
0.15585 
1.1219 
0.11715 
1.685E-04 
6.587E-05 
5.397E-03 
1.689E-02 
1.762E-03 
4.989E-02 
2.975E~04 
9.196E-03 
7.460E-04 


PREDICTED 
VALUE 


1.909 
4.429 
4.532 
2.863 
1.309 
2.555 
3.255 
6.832 
6.809 
4.429 
4.112 
5.903 
3.872 
4.112 
3.803 
4.203 
4.112 
2.703 
1.972 
4.112 
5.172 


0.8643 
-0.2108 


STUDENT COOK’S 


* Spray Dist 
* Angle 
* Current 
* Pressure 
* Spray Dist%*2 
* Angle 2 
* Current’%2 
* Pressure*2 
* Spray Dist * Angle 
* Spray Dist * Current 
* Spray Dist * Pressure 
* Angle * Current 
* Angle * Pressure 
* Current * Pressure 
RESIDUAL LEVER RESID 
0.091 0.980 0.277 
-0.729 0.492 -0.440 
0.368 0.986 1.328 
-0.463 0.751 -0.399 
0.091 0.980 0.277 
0.645 0.919 0.974 
0.645 0.919 0.974 
0.368 0.986 1.328 
0.091 0.980 0.277 
0.271 0.492 0.164 
3.788 0.141 1.760 
-1.103 0.872 -1.328 
-0.272 0.821 -0.277 
=Ls7i2 0.141 -0.795 
=1+:103 0.872 <-1.328 
-1.103 0.872 -1.328 
2.688 0.141 1.249 
-~1.103 0.872 -1.328 
-0.272 0.821 -0.277 
-0.912 0.141 -0.423 
-0.272 0.821 -0.277 


E36 


DIST 


0.252 
0.013 
8.168 
0.032 
0.252 
0.716 
0.716 
8.168 
0.252 
0.002 
0.034 
0.803 
0.023 
0.007 
0.803 
0.803 
0.017 
0.803 
0.023 
0.002 
0.023 


0.4206 
0.8400 


t 


0.254 
-~0.409 
1.443 
~0.370 
0.254 
0.969 
0.969 
1.443 
0.254 
0.150 
2.309 
~1.443 
~0.254 
-0.767 
-1.443 
-1.443 
1.325 
-1.443 
-0.254 
-0.393 
-0.254 


OUTLIER Run 


Ord 


WOON AU SF WN 


R-SOR 


0.3305 
0.8721 
0.9430 


Table E5. 1/8" Zinc Statistical Analysis of Porosity 
Sequential Model Sum of Squares 
SUM OF MEAN 
SOURCE SQUARES DF SQUARE 
MEAN 1199.3 1 1199.3 
Linear 92.6 4 23.2 
Quadratic 151.8 10 15.2 
Cubic 19.9 2 9.9 
RESIDUAL 16.0 4 4.0 
TOTAL 1479.7 21 
Lack of Fit Tests 
SUM OF MEAN 
MODEL SQUARES DF SQUARE 
Linear 171.7 12 14.3 
Quadratic 19.9 2 9.9 
Cubic 0.0 0 
PURE ERR 16.0 4 4.0 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT 
SOURCE TERMS DF MSE 
Linear 5 16 3.42 
Quadratic 15 6 2.44 
Cubic 17 4 2.00 


Case(s) with leverage of 1.0000: PRESS statist 


ic not 


ANOVA for Quadratic Model 


SUM OF MEAN 
SOURCE SQUARES DF SQUARE 
MODEL 244.5 14 17.46 
RESIDUAL 3069 6 9290 
Lack Of Fit 19.9 2 9.94 
Pure Error 16.0 4 4.00 
COR TOTAL 280.3 20 
ROOT MSE 2.44 R-SQUARE 
DEP MEAN 7.56 ADJ R-SQUARE 
C.V. 32.35% 


Predicted Residual Sum of Squares (PRESS) = 3994 


INDEPENDENT COEFFICIENT STANDARD 
VARIABLE ESTIMATE DF ERROR 
Intercept 8.44 1 0.92 
A 2.26 1 1.45 
B -5,.82 1 4.54 
Cc -2.25 1 1.73 
D -0.85 1 Ls73 
A2 0.17 1 1.45 
B2 =2.409 1 E37 2.48 


D 
D 


9 


VALUE 


1.974 
2.540 
2.485 


VALUE 


3.579 
2.485 


ADJ 
R-SQR 


0.1631 
0.5736 
0.7148 


defined. 


F 
VALUE 


2.921 


2.485 


0.8721 
0.5736 


t FOR HO 


COEFFICIENT=0 


9.193 

1.564 
-1.283 
-1.302 
0.4917 
0.1200 
0.8272 


PROB > F 


0.1471 
0.1330 
0.1989 


PROB > F 


0.1143 
0.1989 


PRESS 


369.10 
3994.88 


PROB > F 


0.0971 


0.1989 


PROB > |t| 


0.1689 
0.2469 
0.2408 
0.6404 
0.9084 
0.4398 


-3.00 
=1.55 

2.63 
-1.98 


coe cael eee ae 


Final Equation in Terms of Actual Factors: 


Obs 
Ord 


WOWDON A OF WN 


Porosity = 


a 


i+t+tt+ i 


+ 


ACTUAL 
VALUE 


1.40 
4.50 
7.40 
4.60 
2.80 
8.80 
6.20 
9.30 
16.80 
7.80 
7.90 
9.30 
12.60 
8.40 
10.30 
5.70 
12.10 
1.20 
7.00 
9.30 
5.30 


“390608 
12.069 
0.71412 
0.58480 
5.8172 
1.936E-02 
4.049E-03 
3.411E-04 
2.680E-02 
2.832E-02 
1.202E-02 
0.10005 
6.886E~04 
1.170E-02 
1.984E-03 


PREDICTED 
VALUE 


a 
6.35 
6.87 
6.04 
2.93 
7.62 
5.02 
8.77 
16.93 
6.35 
8.44 
10.88 
12.21 
8.44 
11.88 
7.28 
8.44 
2.78 
6.61 
8.44 
4.91 


3.76 -0.7981 
1.62 -~0.9541 
2202 1.045 
3.73 -0.5325 
* Spray Dist 
* Angle 
* Current 
* Pressure 
* Spray Dist*2 
* Angle “2 
* Current’%2 
* Pressure’%2 
* Spray Dist * Angle 
* Spray Dist * Current 
* Spray Dist * Pressure 
* Angle * Current 
* Angle * Pressure 
* Current * Pressure 
STUDENT COOK’S 
RESIDUAL LEVER RESID DIST 
-0.13 0.980 -0.379 0.472 
~1.85 0.492 ~-1.060 0.073 
0.53 0.986 1.805 15.078 
~1.44 0.75. -=1<183 0.281 
-0.13 0.980 -0.379 0.472 
1.18 0.919 1.697 2.174 
1.18 0.919 1.697 2.174 
0.53 0.986 1.805 15.078 
~0.13 0.980 -0.379 0.472 
1.45 0.492 0.834 0.045 
-0.54 0.141 +-0.237 0.001 
-1.58 0.872 -1.805 1.482 
0.39 0.821 0.379 0.044 
-0.04 0.141 -0.017 0.000 
=-1.9S 0.872 -1.805 1.482 
=. 56 0.872 -1.805 1.482 
3.66 0.141 1.616 0.029 
-1.58 0.872 -1.805 1.482 
0.39 0.821 0.379 0.044 
0.86 0.141 0.380 0.002 
0.39 0.821 0.379 0.044 


E38 


0.4552 
0.3769 
0.3362 
0.6135 


c 


-0.350 
-~1.074 
2.437 
-1.233 
-0.350 
2.149 
2.149 
2.437 
-0.350 
0.809 
-~0.218 
=2.3437 
0.350 
-0.015 
-2.437 
-2.437 
1.963 
~2.437 
0.350 
0.351 
0.350 


OUTLIER Run 


Ord 


OMAN HAO FWD 


PROB > F 


0.0076 
0.1553 
0.2392 


PROB > F 


0.1494 
0.2392 


PRESS 


111.58 


1223.87 


PROB > F 


0.0402 


0.2392 


0.9833 
0.9961 
0.1762 
0.5493 
0.0364 
0.3222 
0.0817 


Table E6. 1/8" Zinc Statistical Analysis of Roughness 
Sequential Model Sum of Squares 
SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE 
MEAN 3659.3 1 3659.3 
Linear 81.1 4 20.3 5.100 
Quadratic 50.6 10 Sel 2.338 
Cubic 6.6 2 33 2.090 
RESIDUAL 6.4 4 1.6 
TOTAL 3804.1 21 
Lack of Fit Tests 
SUM OF MEAN F 
MODEL SQUARES DF SQUARE VALUE 
Linear oy eae 12 4.8 3.004 
Quadratic 6.6 2 3.3 2.090 
Cubic 0.0 0 
PURE ERR 6.4 4 1.6 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT 
SOURCE TERMS DF MSE R-SQR R-SQR 
Linear 5 16 1.99 0.5604 0.4505 
Quadratic 15 6 1.47 0.9102 0.7008 
Cubic 17 4 1.26 0.9561 0.7805 
Case(s) with leverage of 1.0000: PRESS statistic not defined. 
ANOVA for Quadratic Model 
SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE 
MODEL 131.8 14 9.41 4.346 
RESIDUAL 13.0 6 2.17 
Lack Of Fit 6.6 2 3232 2.090 
Pure Error 6.4 4 1.59 
COR TOTAL 144.8 20 
ROOT MSE 1.47 R-SQUARED 0.9102 
DEP MEAN 13.20 ADJ R-SQUARED 0.7008 
C.V. 11.15% 
Predicted Residual Sum of Squares (PRESS) = 1223.9 
INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE ESTIMATE DF ERROR COEFFICIENT=0 PROB > | t| 
Intercept 11.38 1 0.55 20.59 
A -0.02 1 0.87 -2.18E-02 
B -O.O1 1 2212 ~5.14E-03 
Cc at rio b, 1 1.04 =14535 
D ~0.66 1 1.04 -0.6343 
A2 2.34 1 0.87 2.682 
B2 1.61 1 1.49 1.079 
C2 aah ae ae 1 0.85 ~2.089 
D2 0.17 1 E39 0.80 0.2156 


0.8365 


BD 
CD 


-0.96 
~6.98 


1 1.52 
1 


Final Equation in Terms of Actual Factors: 


Obs 


WOON AO FWD 


Ra Rough. = 


r+t+etettetrul 


ACTUAL 
VALUE 


11.57 
14.70 
14.37 
13.91 
15.77 
16.10 
15.13 
10.94 
18.18 
13.13 
12.39 
14.60 
13.16 
10.18 
18.74 
12.10 
10.63 

8.91 
bas 

9.28 
11.05 


-244.82 
2.3444 
0.35219 
0.66597 
3.4440 
0.26041 
3.179E-03 
1.770E-04 
1.732E-03 
3.168E-02 
1.782E-02 
0.11439 
2.264E-04 
4.265E~03 
6.980E-03 


PREDICTED 
VALUE 


“0.6327 
=3.113 


STUDENT COOK‘’S 


11.62 
13.74 
14.67 
13.47 
15.82 
16.65 
15.68 
11.24 
18.23 
13.74 
11.38 
13.70 
13.00 
11.38 
17.84 
11.20 
11.38 

8.01 
12.21 
11.38 
10.89 


* Spray Dist 
* Angle 
* Current 
* Pressure 
* Spray Dist*2 
* Angle 2 
* Current’%2 
* Pressure%’*2 
* Spray Dist * Angle 
* Spray Dist * Current 
* Spray Dist * Pressure 
* Angle * Current 
* Angle * Pressure 
* Current * Pressure 
RESIDUAL LEVER RESID 
-0.05 0.980 -0.259 
0.96 0.492 0.917 
-0.30 0.986 -1.710 
0.44 0.751 0.597 
-0.05 0.980 -0.259 
-0.55 0.919 -1.302 
=0:.55 0.919 -1.302 
-0.30 0.986 -1.710 
-0.05 0.980 -0.259 
-0.61 0.492 -0.580 
1.01 0.141 0.744 
0.90 0.872 1.710 
0.16 0.821 0.259 
-1.20 0.141 -0.876 
0.90 0.872 1.710 
0.90 0.872 1.710 
“0.75 0.141 ~-0.547 
0.90 0.872 1.710 
0.16 0.821 0.259 
-2.10 0.141 -1.536 
0.16 0.821 0.259 


E40 


DIST 


0.220 
0.054 
13.542 
0.072 
0.220 
1.280 
1.280 
13.542 
0.220 
0.022 
0.006 
1.331 
0.021 
0.008 
1.331 
1.331 
0.003 
1.331 
0.021 
0.026 
0.021 


0.5503 
0.0208 


t 


-0.238 
0.903 
-2.181 
0.562 
-0.238 
~1.404 
-~1.404 
-2.181 
-0.238 
-0.545 
0.713 
2.181 
0.238 
-0.857 
2.181 
2.181 
-0.512 
2.181 
0.238 
-1.801 
0.238 


OUTLIER Run 


Ord 


WOON AU PWN 


Table E7. Minitab Analysis for 1/8" Zinc 
MTB > regress c6 10 cl1-c5 cl12-cl6; 
SUBC> residuals c22. 


The regression equation is 
CML = - 1.22 +0.000616 BS + 0.00492 R - 0.00435 P = 0.00167 O + 0.0006 MH 
+ 623 1/BS + 1.21 1/R - 0.0600 1/P + 0.0184 1/0 - 2.1 1/MH 


Predictor Coef Stdev t-ratio p 

Constant -1.2226 0.9730 -1.26 0.237 

BS 0.0006161 0.0002168 2.84 0.018 

R 0.004919 0.007848 0.63 0.545 

Pp -0.004348 0.002497 ~1.74 0.112 

@) -0.001670 0.003367 -0.50 0.631 

MH 0.00062 0.01477 0.04 0.968 

1/BS 623.0 198.2 3.14 0.010 

1/R 1.209 1.154 1.05 0.320 

1/P -0.06003 0.04477 -1.34 0.210 

1/0 0.01841 0.04489 0.41 0.690 

1/MH -2.11 10.83 -~0.19 0.849 

s = 0.01152 R-sq = 80.1% R-sq(adj) = 60.2% 

Analysis of Variance 

SOURCE DF Ss MS F p 

Regression 10 0.0053511 0.0005351 4.03 0.019 

Error 10 0.0013274 0.0001327 

Total 20 0.0066785 

SOURCE DF SEQ SS 

BS 1 0.0015629 

R 1 0.0004470 

Pp 1 0.0000013 

O 1 0.0006314 

MH 1 0.0003627 

1/BS 1 0.0018119 

1/R 1 0.0000292 

1/P 1 0.0004816 

1/0 1 0.0000181 

1/MH 1 0.0000050 

RESIDUALS : 
0.0002723 0.0041962 -0.0079718 -0.0069523 0.0003205 -0.0087849 
0.0025753 0.0018585 -0.0084041 -0.0095745 0.0029691 -0.0109436 
0.0140129 0.0007624 0.0164558 0.0059441 0.0080187 -0.0006612 

-0.0021822 -0.0120287 0.0101174 


E41 


Appendix F. Results for the 3/16" Zinc Wire System 


Figures F1-F21: Photomicrographs F1-F21 
Figures F22-F27: Perturbation Plots 
Tables F1-F6: Design Expert Analysis 
Table F7: Minitab Analysis 
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Figure Fl. Photomicrograph of Coating BZ1 (3/16" zinc) 
F2 
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Figure F2. Photomicrograph of Coating BZ2 (3/16" zinc) 
F3 
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Figure F3. Photomicrograph of Coating BZ3 (3/16" zinc) 
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Figure F4. Photomicrograph of Coating BZ4 (3/16" zinc) 
FS 
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Figure F5. Photomicrograph of Coating BZ5 (3/16" zinc) 
F6 


PROTECH LAB CORP. 


Materials Testing Services 





9940 Reading Road, Cincinnati, Ohio 45241, Phone: 513 563-5005 Fax 563-5004 





PAGE 2. OF 





“PHOTO 1 TAKEN AT 200X 





; "age - a = 


oe Ee. nck ge a 
PHOTO 1 THRESHOLDED & ANALYZED FOR POROSITY & OXIDE CONTENT-6BZ 


Figure F6. Photomicrograph of Coating BZ6 (3/16" zinc) 
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Figure F7. Photomicrograph of Coating BZ7 (3/16" zinc) 
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Figure F8. Photomicrograph of Coating BZ8 (3/16" zinc) 
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Figure F9. Photomicrograph of Coating BZ9 (3/16" zinc) 
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Figure F10. Photomicrograph of Coating BZ10 (3/16" zinc) 
Fll 
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Figure Fill. Photomicrograph of Coating BZ11 (3/16" zinc) 
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Figure F12. Photomicrograph of Coating BZ12 (3/16" zinc) 
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Figure F13. Photomicrograph of Coating BZ13 (3/16" zinc) 
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Figure F1l4. Photomicrograph of Coating BZ14 (3/16" zinc) 
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Figure F15. Photomicrograph of Coating BZ15 (3/16" zinc) 
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Figure F16. Photomicrograph of Coating BZ16 (3/16" zinc) 
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Figure F17. Photomicrograph of Coating BZ17 (3/16" zinc) 
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Figure F18. Photomicrograph of Coating BZ18 (3/16" zinc) 
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Figure F19. Photomicrograph of Coating BZ19 (3/16" zinc) 
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Figure F20. Photomicrograph of Coating BZ20 (3/16" zinc) 
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Figure F21. Photomicrograph of Coating BZ21 (3/16" zinc) 
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Quadratic 
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BZ Bond Str 
Coded variables: 965-- 
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C = Current — 929+, 
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784+. 
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Oa/09/08 11:19:44 Factor Range 
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Figure F22. Bond Strength ea % 


Model: DESIGN-EXPERT Analysis 
Quadratic 





Response: 18.90+- 
Ra Rough. 
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C = Current 16.90+- 
D = Pressure a 
2 15.90+ 
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13.90-+- 
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-1.000 -0.667 -0.333 0.000 0.333 0.667 1.000 
60/05/08 11:20:22 Factor Range 


s Parameter Plot for 3/16" 4n Coatings 
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Figure F23. Roughne = 
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Figure F24. Porosity Parameter Plot for 3/16" Zn Coatings 
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Model: 
Quadratic 
Response: 3.293+ 
Oxides 
Coded variables: | 
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2.399+- 
2.175+ 
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Model: DESIGN-EXPERT Analysis 
Quadratic 





Response: 32.57 -+- 
Microhard 
Coded variables: 2 40-- 
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30.24+ 
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Figure F26. Hardness Parameter Plot for 3/16" Zn Coatings 
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Model: DESIGN-EXPERT Analysis 
Quadratic 


Response: 
CumMassLoss 


Coded variables: 
A = Spray Dist 
B = Angle 

C = Current 

D = Pressure 


CumMassLoss 





-1.000 -0.667 -0.333 0.000 0.333 0.667 1.000 
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Figure F27. CML Parameter Plot for 3/16" Zn Coatings 
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Table Fl. 
Sequential Model Sum of Squares 
SUM OF 
SOURCE SQUARES DF 
MEAN 16320531.9 1 1632 
Linear 130749.5 4 3 
Quadratic 59157.6 10 
Cubic 1104.7 2 
RESIDUAL 13305.3 4 
TOTAL 16524849.0 21 
Lack of Fit Tests 
SUM OF 
MODEL SQUARES DF 
Linear 60262.3 12 
Quadratic 1104.7 2 
Cubic 0.0 0 
PURE ERR 13305.3 4 


ANOVA Summary Statistics of Models Fit 


UNALIASED RESID ROOT 

SOURCE TERMS DF MSE 
Linear 5 16 67. 
Quadratic 15 6 49. 
Cubic 17 4 57. 


Case(s) with leverage of 1.0000: 


MEAN 
SQUARE 
0531.9 
2687.4 
5915.8 

552.4 
3326.3 


MEAN 
SQUARE 


5021.9 
552.4 


3326.3 


8 
0 
7 


R-SQR 


0.6399 
0.9295 
0.9349 


ANOVA for Quadratic Model 


3/16" Zine Statistical Analysis of Bond Strength 


F 
VALUE 


7.109 
2.463 
0.1661 


F 
VALUE 


1.510 
0.1661 


0 
0 
0 


PROB > F 


ADJ 
R-SOR 


~ 9499 
~ 7649 
~-6744 


PRESS statistic not defined. 


0.0017 
0.1410 
0.8525 


PROB > F 


0.3701 
0.8525 


PRESS 


127601.1 
243219.0 


PROB > F 


0.0213 


0.8525 


COEFFICIENT=0 PROB > |t| 


SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE 
MODEL 189907.2 14 13564.8 5.648 
RESIDUAL 14410.0 6 2401.7 
Lack Of Fit 1104.7 2 552.4 0.1661 
Pure Error 13305.3 4 3326.3 
COR TOTAL 204317.1 20 
ROOT MSE 49.0 R-SQUARED 0.9295 
DEP MEAN 881.6 ADJ R-SQUARED 0.7649 
CuVa 5.56% 
Predicted Residual Sum of Squares (PRESS) = 243219.0 
INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE ESTIMATE DF ERROR 
Intercept 877.2 1 18.4 47.68 
A -102.9 1 29.0 -3.545 
B 60.3 1 90.9 0.6632 
C -112.0 1 34.7 =3.232 
D 51.0 1 34.7 1.472 
A2 27.5 1 29.1 0.9449 
B2 ~4.0 1 49.7 -7.95E-02 
C2 15.6 1 28.2 0.5520 
D2 68.7 1 26.8 2.569 
AB 47.9 1 66.4 0.7212 
AC sh gre 1 F29 69.7 2.829 


0.0121 
0.5319 
0.0179 
0.1915 
0.3812 
0.9392 
0.6009 
0.0424 
0.4979 
0.0300 


Final Equation in Terms of Actual Factors: 


Obs 


BZ Bond Str = 


l++etetrittes 


ACTUAL 
VALUE 
1019.0 
998.0 
968.0 
937.0 
897.0 
785.0 
845.0 
815.0 
683.0 
1019.0 
968.0 
795.0 
825.0 
815.0 
734.0 
998.0 
846.0 
774.0 
907.0 
876.0 
1009.0 


2. 


1409.7 
88.398 
14.134 
3.9579 
45.684 
3.0556 


-804E-03 
-558E-03 
0.68741 
0.70972 
0.65774 


4.7179 


042E-02 


9.289E-02 


0.10250 


PREDICTED 
VALUE 


1023.0 
1007.6 
965.7 
953.6 
901.0 
776.5 
836.5 
812.7 
687.0 
1007.6 
877.2 
801.8 
812.9 
877.2 
740.8 
1004.8 
877.2 
780.8 
894.9 
877.2 
996.9 


STUDENT COOK’S 


* Spray Dist 
* Angle 
* Current 
* Pressure 
* Spray Dist%*2 
* Angle er 
* Current’*2 
* Pressure“’*2 
* Spray Dist * Angle 
* Spray Dist * Current 
* Spray Dist * Pressure 
* Angle * Current 
* Angle * Pressure 
* Current * Pressure 
RESIDUAL LEVER RESID 
~4.0 0.980 -0.582 
~9.6 0.492 -0.275 
263 0.986 0.387 
-16.6 0.751 -0.678 
-4.0 0.980 -0.582 
8.5 0.919 0.612 
8.5 0.919 0.612 
203 0.986 0.387 
-4.0 0.980 ~0.582 
11.4 0.492 0.326 
90.8 0.141 1.999 
-6.8 0.872 -0.387 
a eae 0.821 0.582 
~62.2 0.141 -1.369 
-~6.8 0.872 ~-0.387 
-6.8 0.872 -0.387 
wae ry 0.141 -0.687 
-6.8 0.872 -0.387 
12.1 0.821 0.582 
-1.2 0.141 -0.026 
i262 0.821 0.582 


F30 


DIST 
1102 
0.005 
0.693 
0.092 
1.112 
0.282 
0.282 
0.693 
1.112 
0.007 
0.044 
0.068 
0.103 
0.021 
0.068 
0.068 
0.005 
0.068 
0.103 
0.000 
0.103 


t 
-0.547 
-0.253 

0.358 
~0.644 
-0.547 

0.576 

0.576 

0.358 
-0.547 

0.300 

3.158 
~0.358 

0.547 
-1.508 
-0.358 
-0.358 
-0.653 
-0.358 

0.547 
-0.024 

0.547 


OUTLIER Run 


Ord 


Table F2. 3/16" Zinc Statistical Analysis of CML 
Sequential Model Sum of Squares 
SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN 0.113168 1 0.113168 
Linear 0.000732 4 0.000183 1.831 0.1723 
Quadratic 0.001337 10 0.000134 3.073 0.0912 
Cubic 0.000184 2 0.000092 4.742 0.0880 
RESIDUAL 0.000077 4 0.000019 
TOTAL 0.115498 21 
Lack of Fit Tests 
SUM OF MEAN F 
MODEL SQUARES DF SQUARE VALUE PROB > F 
Linear 0.001521 12 0.000127 6.545 0.0419 
Quadratic 0.000184 2 0.000092 4.742 0.0880 
Cubic 0.000000 0 
PURE ERR 0.000077 4 0.000019 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT ADJ 
SOURCE TERMS DF MSE R-SQR R~SQR PRESS 
Linear 5 16 0.01000 0.3140 0.1425 0.00369 
Quadratic 15 6 0.00660 0.8879 0.6264 0.02992 
Cubic 17 4 0.00440 0.9668 0.8338 
Case(s) with leverage of 1.0000: PRESS statistic not defined. 
ANOVA for Quadratic Model 
SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MODEL 0.002069 14 0.00015 3.396 0.0704 
RESIDUAL 0.000261 6 0.00004 
Lack Of Fit 0.000184 2 0.00009 4.742 0.0880 
Pure Error 0.000077 4 0.00002 
COR TOTAL 0.002330 20 
ROOT MSE 0.00660 R-SQUARED 0.8879 
DEP MEAN 0.07341 ADJ R-SQUARED 0.6264 
C.V. 8.99% 
Predicted Residual Sum of Squares (PRESS) = 0.029917 
INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE ESTIMATE DF ERROR COEFFICIENT=0 PROB > [t | 
Intercept 0.07435 1 0.00248 30.02 
A -0.00518 1 0.00391 -1.325 0.2333 
B 0.00394 1 0.01224 0.3220 0.7584 
C 0.01030 1 0.00466 2.208 0.0693 
D -0.00295 1 0.00466 ~0.6324 0.5505 
A2 0.00061 1 0.00392 0.1553 0.8817 
B2 -~0.00015 1 0.00669 -~2.-19E-02 0.9832 
C2 -0.00237 1 0.00380 -0.6239 0.5557 


F31 


3/16" Zine Statistical Analysis of CML 


-0.01895 
-0.01834 


0.00983 
0.00684 
0.00135 
0.01178 


PRR Re 


0.00894 
0.00939 
0.01015 
0.00438 
0.00680 
0.01005 


Final Equation in Terms of Actual Factors: 


Obs 
Ord 


WOON AU SP WN FE 


CumMassLoss 


+ 
+ 


4 


+ 


t++++ 


ACTUAL 
VALUE 


0.06560 
0.08120 
0.04940 
0.07270 
0.08020 
0.06810 
0.06860 
0.07730 
0.10180 
0.07670 
0.07890 
0.06620 
0.06670 
0.07290 
0.06230 
0.05810 
0.08450 
0.07870 
0.07930 
0.07900 
0.07340 


1. 
1. 
6. 
1. 
6. 
2. 
2. 
5. 
2. 
6. 
3. 
3. 
6. 
1. 


1.03503 
O96E-02 
089E-03 
331E-04 
903E-02 
761E-05 
895E-07 
370E-07 
561E-05 
808E-04 
112E-05 
276E-04 
041E-06 
015E-06 
178E-05 


PREDICTED 


VALUE 


0.06441 
0.08014 
0.04821 
0.07152 
0.07901 
0.06690 
0.06740 
0.07611 
0.10061 
0.08014 
0.07435 
0.06978 
0.07027 
0.07435 
0.06588 
0.06168 
0.07435 
0.08228 
0.08287 
0.07435 
0.07697 


-2.120 
=1.953 
0.9684 
1.562 
0.1991 
1.172 


0.0783 
0.0986 
0.3702 
0.1694 
0.8488 
0.2855 


STUDENT COOK’S OUTLIER Run 


* Spray Dist 

* Angle 

* Current 

* Pressure 

* Spray Dist“*2 

* Angle 2 

* Current’2 

* Pressure%*2 

* Spray Dist * Angle 

* Spray Dist * Current 

* Spray Dist * Pressure 

* Angle * Current 

* Angle * Pressure 

* Current * Pressure 

RESIDUAL LEVER RESID 
0.00119 0.980 1.277 
0.00106 0.492 0.225 
0.00119 0.986 1.520 
0.00118 0.751 0.357 
0.00119 0.980 1.277 
0.00120 0.919 0.639 
0.00120 0.919 0.639 
0.00119 0.986 1.520 
0.00119 0.980 1.277 

-0.00344 0.492 -0.732 
0.00455 0.141 0.743 

-0.00358 0.872 ~-1.520 

-0.00357 0.821 -1.277 

-0.00145 0.141 -0.238 

-0.00358 0.872 -1.520 

-0.00358 0.872 <-1.520 
0.01015 0.141 1.659 

-0.00358 0.872 -1.520 

-0.00357 0.821 -1.277 
0.00465 0.141 0.760 

-0.00357 0.821 -1.277 


F32 


DIST 


5.360 
0.003 
10.691 
0.026 
5.360 
0.308 
0.308 
10.691 
5.360 
0.035 
0.006 
1.051 
0.499 
0.001 
1.051 
1.051 
0.030 
1.051 
0.499 
0.006 
0.499 


t 


1.367 
0.206 
1.769 
0.330 
1.367 
0.604 
0.604 
1.769 
1.367 
-0.700 
0.712 
-1.769 
-1.367 
-0.218 
-1.769 
-1.769 
2.059 
~1.769 
-1.367 
0.730 
~1.367 


Ord 


WOON AO PWN 


Table F3. 3/16" Zinc Statistical Analysis of Microhardness 
Sequential Model Sum of Squares 
SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN 20137.62 1 20137.62 
Linear 10.04 4 2D 0.5215 0.7214 
Quadratic 34.94 10 3.49 0.4986 0.8420 
Cubic 4.13 2 2.06 0.2178 0.8133 
RESIDUAL 37.92 4 9.48 
TOTAL 20224.65 21 
Lack of Fit Tests 
SUM OF MEAN F 
MODEL SQUARES DF SQUARE VALUE PROB > F 
Linear 39.07 12 3.26 0.3434 0.9325 
Quadratic 4.13 2 2.06 0.2178 0.8133 
Cubic 0.00 0 
PURE ERR 37492 4 9.48 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT ADJ 
SOURCE TERMS DF MSE R-SQR R-SOR PRESS 
Linear 5 16 2.194 OvkL SS -0.1058 149.274 
Quadratic 15 6 2.647 0.5168 -0.6106 829.636 
Cubic 17 4 3.079 0.5643 -1.1786 
Case(s) with leverage of 1.0000: PRESS statistic not defined. 
ANOVA for Quadratic Model 
SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MODEL 44.98 14 3243 0.4584 0.8925 
RESIDUAL 42.05 6 7.008 
Lack Of Fit 4.13 2 2.064 0.2178 0.8133 
Pure Error 37.92 4 9.480 
COR TOTAL 87.03 20 
ROOT MSE 2.647 R-SQUARED 0.5168 
DEP MEAN 30.967 ADJ R-SQUARED -0.6106 
C.V. 8.55% 
Predicted Residual Sum of Squares (PRESS) = 829.64 
INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE ESTIMATE DF ERROR COEFFICIENT=0 PROB > |[t| 
Intercept 31.204 1 0.994 31.39 
A -)0.328 1 1.568 ~0.2092 0.8412 
B -0.927 1 4.913 -~0.1887 0.8565 
Cc -0.950 1 1.872 ~0.5075 0.6299 
D -1.050 1 1.872 ~0.5609 0.5952 
A2 -0.675 1 5 Ro wt -0.4292 0.6828 
B2 -0.589 1 2.684 -0.2196 0.8335 
C2 -0.253 1 1.525 ~0.1658 0.8737 
D2 0.388 1 1.445 0.2684 0.7974 
AB 2.080 1 F33 3.588 0.5796 0.5833 


CD 


-2.081 


1 4.034 “0.5158 


Final Equation in Terms of Actual Factors: 


Microhard = 


bob Pe be 


[i++ | 


i++ ii 


ACTUAL 

VALUE 
30.900 
34.600 
32.300 
31.000 
33.800 
31.900 
25.400 
31.200 
31.000 
26.800 
32.900 
30.100 
30.700 
31.000 
30.600 
31.800 
29.800 
29.900 
31.800 
33.100 
29.700 


-33.364 
8.0852 
0.45515 
0.24052 
0.31666 
7.496E-02 
1.164E-03 
2.528E-05 
3.879E-03 
3.081E-02 
4.284E-03 
8.119E-02 
1.589E-04 
2.905E-03 
2.081E-03 


PREDICTED 
VALUE 


30.619 
30.857 
32.266 
30.226 
33.519 
32.113 
25.613 
31.166 
30.719 
30.857 
31.204 
30.201 
31.542 
31.204 
30.701 
31.901 
31.204 
30.001 
32.642 
31.204 
30.542 


* Spray Dist 
* Angle 
* Current 
* Pressure 
* Spray Dist*2 
* Angle “2 
* Current’2 
* Pressure’*2 
* Spray Dist * Angle 
* Spray Dist * Current 
* Spray Dist * Pressure 
* Angle * Current 
* Angle * Pressure 
* Current * Pressure 
STUDENT COOK’S 
RESIDUAL LEVER RESID DIST 
0.281 0.980 0.751 1.854 
3.743 0.492 1.984 0.254 
0.034 0.986 0.107 0.053 
0.774 0.751 0.586 0.069 
0.281 0.980 0.751 1.854 
-0.213 0.919 -0.283 0.060 
-0.213 0.919 -0.283 0.060 
0.034 0.986 0.107 0.053 
0.281 0.980 0.751 1.854 
-4.057 0.492 -2.150 0.299 
1.696 0.141 0.691 0.005 
-0.101 0.872 -0.107 0.005 
-0.842 0.821 -0.751 0.173 
~0.204 0.141 -0.083 0.000 
-0.101 0.872 -0.107 0.005 
-0.101 0.872 -0.107 0.005 
-1.404 0.141 -0.572 0.004 
-Q.101 0.872 -0.107 0.005 
-0.842 0.821 -0.751 0.173 
1.896 0.141 0.773 0.007 
~0.842 0.821 -0.751 0.173 


F34 


0.6244 


t 
0.721 
3.087 
0.097 
0.551 
0.721 
-0.260 
-0.260 

0.097 

0.721 
-4.098 

0.658 
-0.097 
~0O.721 
-0.076 
~0.097 
-0.097 
-0.537 
-0.097 
-0O.721 

0.744 
-0.721 


OUTLIER Run 


Ord 


Table F4. 


Sequential Model Sum of Squares 


SOURCE 


MEAN 
Linear 
Quadratic 
Cubic 
RESIDUAL 
TOTAL 


Lack of Fit Tests 


MODEL 


Linear 
Quadratic 
Cubic 
PURE ERR 


SUM OF 


SQUARES 


187.80 
11.32 
6.38 
3.45 
8.31 
217.26 


SUM OF 


SQUARES 


9.83 
3.45 
0.00 
8.31 


DF 


fm ON 


ANOVA Summary Statistics of Models Fit 


SOURCE 


Linear 
Quadratic 
Cubic 


TERMS 


5 
15 
17 


UNALIASED RESID 


DF 


16 
6 
4 


Case(s) with leverage of 1.0000: 


SOURCE 


MODEL 
RESIDUAL 
Lack Of Fit 

Pure Error 
COR TOTAL 


ROOT MSE 
DEP MEAN 
C.V. 


SUM OF 


SQUARES 


17.69 
11.76 


3.45 
8.31 


29.46 


1.400 
2.990 


46.82% 


ROOT 
MSE 


MEAN 
SQUARE 


187.80 
2.83 
0.64 
1.72 
2.08 


1.065 
1.400 
1.442 


PRESS statistic not defined. 


3/16" Zinc Statistical Analysis of Oxides 


F 
VALUE 


2.495 
0.3252 
0.8297 


F 
VALUE 


0.3939 
0.8297 


R-SQR 


0.3841 
0.6006 
0.7177 


ANOVA for Quadratic Model 


DF 


Predicted Residual Sum of Squares 


INDEPENDENT 
VARIABLE 


Intercept 


COEFFICIENT 
ESTIMATE 


2.446 
0.657 
0.308 
0.500 
-0.050 
0.227 
0.325 
-0.015 
0.867 


DF 


PRR PPP PPP 


0.2302 
-0.3312 
-0.4113 


PROB > F 


0.0843 
0.9434 
0.4995 


PROB > F 


0.9053 
0.4995 


PRESS 


33.630 
573.068 


PROB > F 


0.7670 


0.4995 


COEFFICIENT=0 PROB > |t| 


MEAN F 
SQUARE VALUE 
1.264 0.6446 
1.961 
1.725 0.8297 
2.079 
R-SQUARED 0.6006 
ADJ R-SQUARED ~0.3312 
(PRESS) = 573.07 
STANDARD t FOR HO 
ERROR 
0.526 4.652 
0.829 0.7926 
2.598 0.1185 
0.990 0.5050 
0.990 -5.05E-02 
0.832 0.2732 
1.419 0.2290 
0.806  -1.91E-02 
F35 0.765 1.134 


0.4582 
0.9095 
0.6316 
0.9614 
0.7938 
0.8264 
0.9854 
0.3000 


BD 
CD 


0.156 
0.435 


1 1.443 
1 2.134 


Final Equation in Terms of Actual Factors: 


Obs 
Ord 


OON AO PWN 


Oxides 


+ 


l++i tt 


+++ 


ACTUAL 
VALUE 


2.800 
0.500 
5.200 
3.400 
3.600 
3.400 
3.300 
2.300 
5.900 
3.200 
3.800 
2.900 
1.900 
1.800 
2.700 
1.500 
2.200 
2.500 
2.800 
4.400 
2./00 


90.218 
2.8569 
0.26292 
5.111E-02 
1.6416 
2.524E-02 
6.422E-04 
1.539E-06 
8.672E-03 
4.252E-03 
5.037E-06 
3.473E-02 
1.524E-04 
6.940E-04 
4.352E-04 


PREDICTED 


VALUE 


2.612 
2.016 
5.057 
3.124 
3.412 
3.301 
3.201 
2.157 
5.712 
2.016 
2.446 
3.330 
2.463 
2.446 
3.130 
1.930 
2.446 
2.930 
3.363 
2.446 
3.263 


* Spray Dist 
* Angle 
* Current 
* Pressure 
* Spray Dist%*2 
* Angle x2 
* Current’2 
* Pressure’*2 
* Spray Dist * Angle 
* Spray Dist * Current 
* Spray Dist * Pressure 
* Angle * Current 
* Angle * Pressure 
* Current * Pressure 
RESIDUAL LEVER RESID 
0.188 0.980 0.950 
-1.516 0.492 -1.519 
0.143 0.986 0.860 
0.276 0.751 0.395 
0.188 0.980 0.950 
0.099 0.919 0.249 
0.099 0.919 0.249 
0.143 0.986 0.860 
0.188 0.980 0.950 
1.184 0.492 1.187 
1.354 0.141 1.043 
-0.430 0.872 -0.860 
-0.563 0.821 -0.950 
-0.646 0.141 -0.498 
-~0.430 0.872 -0.860 
-0.430 0.872 -0.860 
-0.246 0.141 -0.189 
-0.430 0.872 <-0.860 
-0.563 0.821 -0.950 
1.954 0.141 1.506 
~0.563 0.821 -0.950 


F36 


0.1082 
0.2040 


0.9174 
0.8451 


STUDENT COOK’S OUTLIER Run 


DIST 


2.966 
0.149 
3.422 
0.031 
2.966 
0.047 
0.047 
3.422 
2.966 
0.091 
0.012 
0.336 
0.276 
0.003 
0.336 
0.336 
0.000 
0.336 
0.276 
0.025 
0.276 


t 


0.941 
-1.767 
0.838 
0.365 
0.941 
0.228 
0.228 
0.838 
0.941 
1.239 
1.053 
-0.838 
-0.941 
-0.464 
-0.838 
-0.838 
-0.173 
-0.838 
-0.941 
1.743 
-0.941 


Ord 


WOON AO FP WN FE 


Table F5. 


Sequential Model Sum of Squares 


SOURCE 


MEAN 
Linear 
Quadratic 
Cubic 
RESIDUAL 
TOTAL 


Lack of Fit Tests 


MODEL 


Linear 
Quadratic 
Cubic 
PURE ERR 


ANOVA Summary Statistics of Models Fit 
UNALIASED RESID 


SOURCE 


Linear 
Quadratic 
Cubic 


SUM OF 


SQUARES 


2647.7 
22.5 
223.5 
13.7 
23.8 
2931.3 


SUM OF 


SQUARES 


237.3 
13.7 
0.0 
23.8 


TERMS 


5 
15 
A I 


DF 


&m& ON NH 


DF 


16 
6 
4 


Case(s) with leverage of 1.0000: 


SOURCE 


MODEL 
RESIDUAL 
Lack Of Fit 
Pure Error 

COR TOTAL 


ROOT MSE 
DEP MEAN 
C.V. 


SUM OF 


SQUARES 


246.0 
37.6 


13.7 
23.8 


283.6 


2.50 
11.235 


22.29% 


MEAN 
SQUARE 


2647.7 
5.6 
22.4 
6.9 
6.0 


MEAN 
SQUARE 


ROOT 


MSE 


4.04 
2.50 
2.44 


3/16" Zine Statistical Analysis of Porosity 


R-SOR 


0.0793 
0.8675 
0.9159 


ANOVA for Quadratic Model 


DF 


14 
6 
2 
4 

20 


Predicted Residual Sum of Squares 


INDEPENDENT 
VARIABLE 
Intercept 


COEFFICIENT 
ESTIMATE 


12.79 
-0.83 
15.84 
2.00 
-0.70 
coat rae Be 
7.68 
1.695 
5.54 
~6.59 


PRP RPP RPP PPP Sa 


(PRESS) = 


MEAN 
SQUARE 


17.57 
6.26 
6.87 
5.96 


R-SQUARE 


2881 


STANDARD 
ERROR 
0.94 
1.48 
4.64 
gs 
1.77 
1.49 
2.94 
1.44 
pee 


F37 3.39 


D 


ADJ R-SQUARED 


~6 


t 


VALUE 


0.3447 
3.569 
1.152 


VALUE 


J63L7 
Lake 


-0 
0 
0 


F 
VALUE 


2.806 


1.152 


0.8675 
0.5583 


FOR HO 


PROB > F 


ADJ 
R-SQR 


- 1508 
~5583 
5796 


PRESS statistic not defined. 


0.8438 
0.0665 
0.4026 


PROB > F 


0.1286 
0.4026 


PRESS 


430.04 
2881.64 


PROB > F 


0.1056 


0.4026 


COEFFICIENT=0 PROB > |t| 


13.61 
0.5602 
3.410 
1.130 
0.3955 
-2.101 
3.027 
#153509 
4.057 
-1.944 


0.5956 
0.0143 
0.3016 
0.7061 
0.0803 
0.0232 
0.2241 
0.0067 
0.0999 


CD 


Final Equation in Terms of Actual Factors: 
Porosity = 


[+ I+ 1 


+i ++i 


ACTUAL 
VALUE 
12.90 
11.90 
10.80 
10.50 

7.80 
9.70 
5.50 
10.20 
13.40 
8.90 
10.70 
7.60 
5.30 
12.70 
10.60 
7.60 
13.30 
11.60 
19.70 
16.80 
18.30 


11.05 


1022.78 
11.171 
8.783E-02 
0.88977 
16.610 
0.34698 
1.517E-02 
1.953E-04 
5.543E-02 
9.768E-02 
8.246E-03 
0.28817 
1.723E-04 
1.120E-02 
1.105E-02 


PREDICTED 
VALUE 

13.12 
10.49 
10.39 
11.99 
8.02 
8.65 
4.45 
9.79 
13.62 
10.49 
12.79 
8.83 
4.63 
12.79 
11.83 
8.83 
12.79 
12.83 
19.03 
12.79 
17.63 


2.898 


STUDENT COOK’S 


1 3.81 
* Spray Dist 
* Angle 
* Current 
* Pressure 
* Spray Dist*2 
* Angle a2 
* Current’2 
* Pressure*%2 
* Spray Dist * Angle 
* Spray Dist * Current 
* Spray Dist * Pressure 
* Angle * Current 
* Angle * Pressure 
* Current * Pressure 
RESIDUAL LEVER RESID 
-~0.22 0.980 -0.634 
1.41 0.492 0.788 
0.41 0.986 1.378 
~1.49 0.751 3-1.194 
-0.22 0.980 -0.634 
L.O05 0.919 1.466 
1.05 0.919 1.466 
0.41 0.986 1.378 
-0.22 0.980 -0.634 
=1,99 0.492 -0.893 
-2.09 0.141 -0.899 
=1.23 0.872 -1.378 
0.67 0.821 0.634 
-0.09 0.141 -0.037 
=1.23 0.872 -1.378 
-1.23 0.872 -1.378 
0.51 0.141 0.222 
-1.23 0.872 -1.378 
0.67 0.821 0.634 
4.01 0.141 1.730 
0.67 0.821 0.634 


F38 


DIST 
1.319 
0.040 
8.787 
0.286 
Le 39 
1.622 
1.622 
8.787 
1.319 
0.052 
0.009 
0.864 
0.123 
0.000 
0.864 
0.864 
0.001 
0.864 
0.123 
0.033 
0.123 


0.0274 


L 
-0.599 
0.760 
1.521 
-1.249 
-0.599 
1.670 
1.670 
1.521 
-~0.599 
-0.876 
-0.883 
easel ri gt b 
0.599 
-0.034 
=—15921 
=15921 
0.203 
=i. 92) 
0.599 
2.232 
0.599 


OUTLIER Run 


Ord 


Table F6. 3/16" Zinc Statistical Analysis of Roughness 
Sequential Model Sum of Squares 
SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MEAN 5336.4 1 5336.4 
Linear 53.6 4 13.4 1.580 0.2278 
Quadratic 80.9 10 8.1 0.8852 0.5887 
Cubic 8.9 2 4.5 0.3891 0.7008 
RESIDUAL 45.9 4 Lis) 
TOTAL 5525.6 21 
Lack of Fit Tests 
SUM OF MEAN F 
MODEL SQUARES DF SQUARE VALUE PROB > F 
Linear 89.8 12 7.5 0.6523 0.7455 
Quadratic 8.9 2 4.5 0.3891 0.7008 
Cubic 0.0 0 
PURE ERR 45.9 4 11.5 
ANOVA Summary Statistics of Models Fit 
UNALIASED RESID ROOT ADJ 
SOURCE TERMS DF MSE R-SQR R~SOR PRESS 
Linear 5 16 2.91 0.2831 0.1039 223.77 
Quadratic 15 6 3.02 0.7104 0.0346 1772.16 
Cubic 17 4 3639 0.7576 -0.2122 
Case(s) with leverage of 1.0000: PRESS statistic not defined. 
ANOVA for Quadratic Model 
SUM OF MEAN F 
SOURCE SQUARES DF SQUARE VALUE PROB > F 
MODEL 134.4 14 9.60 1.051 0.5092 
RESIDUAL 54.8 6 9.13 
Lack Of Fit 8.9 2 4.46 0.3891 0.7008 
Pure Error 45.9 4 11.47 
COR TOTAL 189.2 20 
ROOT MSE 3.02 R-SQUARED 0.7104 
DEP MEAN 15.94 ADJ R-SQUARED 0.0346 
CiVe 18.96% 
Predicted Residual Sum of Squares (PRESS) = 1772.2 
INDEPENDENT COEFFICIENT STANDARD t FOR HO 
VARIABLE ESTIMATE DF ERROR COEFFICIENT=0 PROB > | t | 
Intercept £5674 1 2.413 13.85 
A atti Serves 1 1.79 -~0.7331 0.4911 
B 1.14 1 5.61 0.2029 0.8459 
Cc -~1.62 1 2.14 -Q.7581 0.4771 
D aod ea 1 2.14 -0.5919 0.5755 
A2 ~1.69 1 1.79 -0.9421 0.3825 
B2 Zeed 1 3.06 0.7403 0.4871 
C2 -1.16 1 1.74 ~0.6684 0.5288 
D2 =O DO. 1 1.65 =0. 3119 0.7657 
AB 0.07 1 F39 4.10 1.78E-02 0.9863 


CD 


~5.48 


i 4.61 -1.189 


Final Equation in Terms of Actual Factors: 


Obs 


OWON AOS WN 


Ra Rough. 


is i i ol 


i+ ti t+tt i 


ACTUAL 
VALUE 


11.12 
14.84 
17.28 
13.21 
18.75 
14.40 
19.10 
14.65 
19.96 
16.13 
13.43 
12.38 
18.07 
13.92 
22.18 
15.84 
21.13 
12.60 
17.69 
12.92 
15.16 


-~202.91 
2.3933 
0.23201 
0.71025 
2.4878 
0.18787 
4.480E-03 
1.163E-04 
5.147E-03 
1.082E-03 
9.624E-03 
1.872E-02 
2.044E-03 
1.817E-03 
5.477E-03 


PREDICTED 
VALUE 


L1s33 
15.34 
17.17 
14.66 
19.16 
13.77 
18.47 
14.54 
20.37 
15.34 
15.71 
12.71 
16.84 
15.71 
22.51 
16.17 
fs Fe a 
12.93 
16.46 
15.71 
13.93 


* Spray Dist 
* Angle 
* Current 
* Pressure 
* Spray Dist*2 
* Angle ~2 
* Current’%2 
* Pressure%*2 
* Spray Dist * Angle 
* Spray Dist * Current 
* Spray Dist * Pressure 
* Angle * Current 
* Angle * Pressure 
* Current * Pressure 
STUDENT COOK‘’S 
RESIDUAL LEVER RESID DIST 
-0.41 0.980 -0.958 3.016 
-0.50 0.492 <-0.230 0.003 
0.11 0.986 0.306 0.435 
-1.45 0.751 -0.958 0.184 
-0.41 0.980 -0.958 3.016 
0.63 0.919 0.731 0.403 
0.63 0.919 0.731 0.403 
0.11 0.986 0.306 0.435 
-0.41 0.980 -0.958 3.016 
0.79 0.492 0.369 0.009 
—2620 0.141 ~-0.816 0.007 
=0.33 0.872 -0.306 0.043 
1.23 0.821 0.958 0.281 
-1.79 0.141 -0.641 0.004 
=0;533 0.872 -0.306 0.043 
-0.33 0.872 -0.306 0.043 
5.42 0.141 1.933 0.041 
-0.33 0.872 -0.306 0.043 
fe 0.821 0.958 0.281 
-~2.79 0.141 -0.998 0.011 
1.23 0.821 0.958 0.281 


F40 


0.2792 


t 


-0.951 
-0.211 
0.282 
=0.951 
-0.951 
0.699 
0.699 
0.282 
~0.951 
0.340 
-0.789 
-0.282 
0.951 
-0.606 
-0.282 
-~0.282 
2.874 
-0.282 
0.951 
-0.997 
0.951 


OUTLIER Run 


Ord 


OON AO PWN 


Table F7. Minitab Analysis for 3/16" zinc. 
MTB > REGRESS C6 20 C1-C5 C7-C21; 
SUBC> RESIDUALS C22. 


The regression equation is 
CML = 1.98 - 0.177 O - 0.0872 MH +0.000000 BS2 -0.000088 R2 -0.000042 P2 


+ 0.0163 02 + 0.00148 MH2 - 0.60 1/R - 0.62 1/P - 0.729 1/0 
+ 38279 1/BS2 + 1.66 1/P2 + 0.228 1/02 


Predictor Coef Stdev t-ratio p 
Constant 1.976 1.177 1.68 0.137 

O -0.1773 0.1453 “1.22 0.262 

MH -0.08723 0.05762 -1.51 0.174 

BS2 0.00000005 0.00000011 0.43 0.677 

R2 -0.0000878 0.0001367 -0.64 0.541 

P2 -0.0000420 0.0001694 -0.25 0.811 

02 0.01628 0.01380 1.18 0.277 

MH2 0.0014811 Q0.0009770 1.52 0.173 

1/R -0.601 1.182 -0.51 0.627 

1/P -0.616 1.696 -0.36 0.727 

1/0 -0.7289 0.5876 -1.24 0.255 

1/BS2 38279 65762 0.58 0.579 

1/P2 1.659 5.652 0.29 0.778 

1/02 0.2282 0.1865 1.22 0.261 

s = 0.01217 R-sq = 55.5% R-sq(adj) = 0.0% 

Analysis of Variance 

SOURCE DF Ss MS F p 

Regression 13 0.0012935 0.0000995 0.67 0.746 
Error 7 0.0010367 0.0001481 

Total 20 0.0023302 

SOURCE DF SEQ SS 

O 1 0.0000666 

MH 1 0.0000149 

BS2 1 0.0001621 

R2 1 0.0000037 

P2 1 0.0002897 

02 1 0.0001644 

MH2 1 0.0001464 

1/R 1 0.0000025 

1/P 1 0.0000916 

1/0 1 0.0000067 

1/BS2 1 0.0000842 

1/P2 1 0.0000390 

1/02 1 0.0002218 

RESIDUALS : 

-0.0057608 -0.0000214 -0.0176417 0.0104644 0.0040351 -0.0047235 
-0.0051625 -0.0038292 0.0080923 0.0061976 0.0072918 0.0016620 

0.0030909 -0.0052699 -0.0107461 0.0010691 0.0127283 -0.0008567 

-0.0013681 0.0038492 -0.0031009 
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